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ABSTRACT

The synthesis of TiO, thin films by the chemical spray pyrolysis method at different titanium isopropoxide (TTIP) to acetylacetone (AcacH)
ratios has been shown to lead to the highest photodegradation at 1 (TTIP):8 (AcacH). These films hold promise in the field of indoor
pollution treatment. Carbon incorporation into the surface and into the TiO, lattice could be responsible for the observed performance, but
the mechanism is still to be elucidated. Here, we report the correlation of contact potential difference (CPD) contrast maps as produced
using Kelvin Probe Force Microscopy, and the observed functionality dependence on the TTIP to AcacH ratio. Since the CPD contrast
locally provides information about the sample’s Fermi level, this correlation provides a means to interpret enhanced photocatalytic activity in
terms of the presence of acceptors that make possible a faster transfer of charge carriers to the surface.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0098788

The synthesis and optimization of TiO, thin films are rapidly
advancing in fields such as environmental engineering, and has
important and promising applications in the field of pollution treat-
ment.'” These applications rely on the principles of photocatalysis*
and photoreactivity.” Applications could result in the reduction of
outdoor/indoor pollution” without compromising the optimization of
thermal comfort and energy consumption.” An optimum synthesis of
the films is critical for large scale implementation” since the methods
of production must be low cost, efficient, and robust.'” Several
methods for synthesis are available, i.e., chemical vapor deposition,”
sputtering, and others.'” The chemical spray pyrolysis method' holds
promise in the field of self-cleaning surfaces, but choosing a precursor
solution is essential and determines the functionality of the system/
film. Spiridonova et al. employed' titanium isopropoxide (TTIP) as a
titanium precursor and acetylacetone (AcacH) as a stabilizing agent
for the fabrication of TiO, films by ultrasonic spray pyrolysis (see the
supplementary material for details on film preparation). For the TiO,
films obtained from different TTIP to AcacH molar ratio, the photode-
gradation of stearic acid (SA) was monitored. It was shown that the
reaction rate constant (k) increases by approximately an order of

magnitude with the increasing ratio. This was quantified by calculating
the reaction rate constant of the SA via the photodegradation test,
while varying the ratio of TiO, film synthesis from 1:1 (TTIP) to 1:8
(AcacH), where an optimum was found. The authors provided an
interpretation for such improvement based on (1) a variation of mor-
phology monitored via topographic AFM measurements, (2) wettabil-
ity properties monitored by means of contact angle measurements,
and (3) XPS measurements that showed a possible incorporation of
carbon species on the surface of the TiO, film. In another recent
study,"” it was shown that increasing the amount of AcacH in the pre-
cursor solution promotes a transition from preferential fast electron to
preferential fast hole transfer toward the TiO, surface, correlating with
a strong increase in the photocatalytic decomposition rate of organic
pollutants. Based on these studies, the possible mechanism for
enhanced photocatalytic activity was related to passivation of electron
traps at the surface, induced by incorporation of carbon impurities in
TiO, films. Incorporating carbon impurities can induce “defect states”
and related modifications to the band structure of the films, thus
affecting the Fermi level locally.” For this reason, Kelvin Probe Force
Microscopy (KPFM) can potentially provide information regarding
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the changing/pinning of the Fermi level for the TiO, system investi-
gated by Spiridonova et al.

Here, we characterize the surface of the TiO, films at different
ratios with the AFM by means of KPFM.'® The KPFM technique can
be employed'” to produce maps'® of the contact potential difference
(CPD) between the AFM tip and a sample’s surface. In KPFM, the tip
is grounded and the CPD is defined as CPD = (¢, — ¢bs)/e, where
¢s is the work function of the surface, ¢y, is the work function of the
tip, and e is the electron charge. The CPD can be identified with the
necessary potential energy variations to the electron structure of the
tip-sample system to produce a common Fermi level Ez."” The Fermi
level is the work required to add an electron to a material,"” while the
work function is the minimum energy to remove an electron from it.
This relationship is commonly written”’ in terms of the “vacuum”
energy Evac as a reference as ¢ = Eyac — Ep, where the expression
shows that the work function is simply the difference between the
Fermi level and the vacuum level. While the Fermi alignment affects
both tip and sample, only the Fermi level of the surface varies, i.e., the
tip always remains the same during the experiment. Therefore, KPFM
contrast maps, through the work function difference, provide informa-
tion regarding the relative Fermi level/work function from sample to
sample and from area to area on a sample’s surface. Since the energy
required to remove/add an electron can be provided by photon
adsorption, these maps can be employed to interpret variations in pho-
todegradation/photoreactivity. Thus, variations in CPD can be
employed to discuss changes in the band structure. If photodegrada-
tion is related to Fermi level variations from sample to sample, varia-
tions in CPD should also be observed in the maps as a function of the
TTIP to AcacH ratio, i.e., some form of correlation between CPD and
photodegradation should be possible.

The synthesis of TiO, films, particularly in the case of the appli-
cation under consideration, requires that contaminants, or pollutants,
deposited on the TiO, surface degrade. The general principle in photo-
degradation is that the interaction of light with matter degrades pollu-
tants’’ where reactive oxygen species (ROS)ZZ’23 have an important
mediating role’ in degradation. In the case of the TiO, films, and in
real applications, pollutants are spontaneously deposited onto the
TiO, surface from the environment. Here, emphasis is put in ROS, a
collective term, rather than in free radicals alone, i.e., any species that
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contains one or more unpaired electrons,”” because a variety of radical
and nonradical oxidizing species might be produced by photoreaction
on the TiO, surface. In short, contaminants, from here forth more
restrictively referred to as volatile organic compounds (VOCs), adsorb
onto TiO, films and these degrade by the action of a set of ROS. An
investigation of the presence, or absence thereof, of specific VOCs and
ROS, as well as the possibility to quantify their concentration, would
be a study worth carrying out, but the authors purposefully leave this
question open and out of the current investigation. The aim is to focus
on what can be learnt from the KPFM CPD maps alone for the differ-
ent ratios and their relation to photodegradation functionality. Still,
for the sake of discussion, a hypothetical and generic mechanism is
illustrated in Fig. 1 and detailed with the help of Egs. (1) and (2) in the
following paragraphs. This cartoon is meant to show the role of light
to activate the complex reactions in the process of photodegradation.
The degradation process can be divided into three steps.”’

In the first step, H,O in the proximity of the surface or weakly
adsorbed H,O molecules and TiO, interact with photons of energy hf
to produce ROS [Eq. (1) and Figs. 1(a) and 1(b)]. In Egs. (1) and (2),
ad means adsorbed. It is this light-matter interaction that is critical
when it comes to degradation since it activates the whole process.
While the mechanisms are complex, it is variations in the TTIP to
AcacH ratio that should control this light-matter interaction and
should be visible in terms of CPD values. No attempt is made here to
fully elucidate this process chemically, and the double arrows in the
reaction equations emphasize this point and point to the possible pres-
ence of intermediates. The reaction kinetics of such systems can be
extremely complex to quantify and monitor, and many reactive species
are possible.”” A typical example of reactive species for this system
with a lifespan in the range of femtoseconds is hydroxyl OH. (Chen
et al. provide a rather comprehensive list of main reactions and reac-
tive species.) In terms of photodegradation, the relevance is to be
found in the final products, i.e., ROS, rather than in any intermediates
while the production of these ROS is dependent on band structure and
surface chemistry.

In the second step, the highly reactive agents (ROS) induce a set
of reactions that lead to the degradation of VOCs ultimately resulting
in the production of gases, such as CO, [Eq. (2) and Fig. 1(c)]. This
stage is relevant both from a point of view of applied surface science

c)

ROS degrade the VOCs

resulting in gases
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FIG. 1. Three step illustration of a possible mechanism for photodegradation, where ROS act as the degrading species. (a) Water molecules in the proximity of the surface, or
weakly adhered (ad) to the surface, react with electrons emitted from the TiO, surface which have been excited by light. (b) ROS are produced and interact with VOCs. (c)

The degradation of VOCs results in gases.
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FIG. 2. Topography (left) and CPD (right) maps for the (a) 1:1, (b) 1:5, (c) 1:8, and (d) 1:10 ratios.

and theoretically, but it is also outside the scope of this work to eluci-
date it,

TiO, + H,0 (ad) + hf —3% ROS, 1)

ROS + VOC (ad) —% CO, (gas). 2)
Standard KPEM was performed using the lift mode whereby a topogra-
phy image was acquired first and then the cantilever was lifted to track
the topography and cancel the voltage resulting from the work function
difference. In the experiments, we used an MFP-3D AFM from
Asylum Research. The probe was a HQ:NSC18/PT (Platinum coated)
with resonant frequency ~75 kHz and spring constant ~2 N/m. The
AFM was operated in the attractive regime in the amplitude modula-
tion (AM) AFM mode. The lift height was set to 10 nm. The tip voltage
was set to 1V, and the electrical pass drive voltage was 3V.
Topography and corresponding CPD maps are shown in Fig. 2 for the
ratios (a) 1:1, (b) 1:5, and (c) 1:8 and 1:10. Data for the 1:20 ratio were
also collected, but the maps are not shown. Visual inspection alone
shows that topography is not correlated with the CPD maps.
Spiridonova et al. carried out photodegradation experiments by varying
the TTIP to AcacH ratio and exposing the samples to visible and UVA
light (see the supplementary material for details on the lamp specifica-
tions). We also conducted the experiments by exposing the samples to
visible light and UVA light (not all data shown). The samples were
exposed for 20 min to UVA light before taking the data. An example of
topography and CPD maps under (a) and (b) visible and (c) and (d)
UVA light is shown in Fig. 3 for the (a) and (c) 1:1 and (b) and (d) 1:8
ratios.

The full data set for the experiments that we carried out is shown
in Fig. 4 as histograms for the (a) UVA and (b) visible light experi-
ments. Spiridonova et al. further reported higher photodegradation
functionality when the samples were exposed to UVA, as opposed to
exposure to visible light only, by monitoring and quantifying the pho-
todegradation rate constants k (min™"). Their data are reproduced in
Fig. 5 (red markers) against the results presented in Fig. 4 in terms of
CPD (blue markers). The data have been normalized for convenience,

and all values used to produce Fig. 5 are shown in Tables I-IV. Since
the rate constant k increases with decreasing CPD, the 1-normalized
CPD values are plotted against normalized k in the figure. To normal-
ize Fig. 5(a), the values are: k (minimum) = 0.0016 min "}, k (range)
=0.0307min"', Vepp (minimum) = 249mV, and Vepp (range)
=764mV. To normalize Fig. 5(b), the values are: k (minimum)
=0.004min "', k (range) = 0.239 min"', Vcpp (minimum) = 213 mV,
and Vepp (range) = 710 mV. These values can be directly obtained
from the respective tables (Tables I-1V). The mean values and

c .

UVA Light ON

1:1 RATIO

1:8 RATIO

FIG. 3. CPD maps as the samples are exposed to visible light (a) and (b) and UVA
(c) and (d) for the 1:1 and 1:8 ratios.
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FIG. 4. Histograms showing the CPD data obtained in the KPFM experiments for
(a) UVA exposed samples and (b) samples exposed to visible light. The data corre-
spond to the 512 x 512 pixels (262 144 points) obtained from contrast maps, i.e.,
those in Figs. 2 and 3.

standard deviations are shown in the figures. The key points to
interpret Figs. 4 and 5 follow.

(1) First, there is a shift in CPD in all cases toward lower CPD
when the samples are exposed to UVA (compare the data in
Table I with that in Table IT where the data are presented for all
samples in terms of the mean, standard deviation, range, min-
ima, and maxima values);

(2) Second, most importantly, the minimum values of CPD are
always found for the ratio 1:8. The implication is that KPFM
maps can be employed to identify photodegradation efficiency
directly from CPD values.

(3) Third, the maximum values of CPD are found for the ratio 1:1.
It is known”” that the ratio 1:1 is the least efficient, i.e., mini-
mum k values. This was later confirmed by Spiridonova et al.
that found the highest values at 1:8.
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FIG. 5. Normalized CPD (blue markers) and k (red markers) values for the case
where (a) the samples are exposed to (a) visible and (b) UVA light. Since k typically
increases with CPD, the normalization for the CPD data is carried out as 1-CPD.
The figures can be reproduced from the data provided in Tables |-IV.

as HOPG (¢pnopg = 4.6eV).””*® This calibration results in Prip
~ 5.1 eV. With this measurement, the absolute values for the dif-
ferent ratios can be obtained, ie., ¢s &~ 4.4eV (ratio 1:1), ¢s
~ 4.6eV (ratio 1:5), ¢s ~ 4.8eV (ratio 1:8), ¢s ~ 4.7V (ratio
1:10), and ¢ ~ 4.8 eV (ratio 1:20). Lower CPD values correspond
to higher values of work function for the samples. Thus, lower
work functions for the TiO, films correlate with higher photode-
gradation efficiencies. This means that lower Fermi levels are
obtained when the highest functionality is seen. It is known”” that
semiconductor p-doping, i.e., the production of holes or acceptors
near the valence band, leads to lower Fermi levels while n-doping,

TABLE I. CPD measurements for the case when the samples are exposed to visible
light.

(4)

Fourth, the shift in CPD between exposing the samples to visi-

ble or UVA light is of approximately 20-40 mV for all ratios
(Fig. 4). This shift is significant since the resolution of standard
KPEM measurements is typically lower than 1 mV.'”*

The absolute value for the work function of the tip, ¢y;p, can
be found by acquiring KPFM data from a calibration sample, such

TTIP:AcacH CPD (V) Range SD  Min. value Max. value
1:1 0.691 0.120 0.020 0.644 0.764
1:5 0.464 0.068 0.008 0.424 0.492
1:8 0.282 0.063  0.009 0.249 0.311
1:10 0.445 0.066 0.008 0.405 0.471
1:20 0.348 0.047 0.005 0.320 0.367
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TABLE II. CPD measurements for the case when the samples are exposed to UVA.

TTIP:AcacH CPD (V) Range SD  Min. value Max. value
1:1 0.665 0.085 0.013 0.625 0.710
1:5 0.443 0.061 0.008 0.409 0.471
1:8 0.246 0.061  0.009 0.213 0.274
1:10 0.415 0.087  0.008 0.358 0.446
1:20 0.328 0.064 0.006 0.283 0.347
TABLE llI. Photodegradation rate constants under visible light.
TTIP:AcacH k (min~") SD
1:1 0.00163 0.00017
1:3 0.008 05 0.001 46
1:4 0.008 19 0.001 59
1:5 0.026 67 0.003 81
1:8 0.03233 0.00590
1:10 0.03052 0.01053
1:20 0.027 11 0.00217
TABLE IV. Photodegradation rate constants under UVA light.
TTIP:AcacH k (min~") SD
1:1 0.00398 e
1:3 0.01202 0.002 83
1:4 0.01876 0.00087
1:5 0.066 22 0.01250
1:6 0.09471 0.000 06
1:7 0.108 53 0.005 64
1:8 0.24273 0.042 48
1:10 0.186 22 0.05103
1:20 0.23743 0.04500

i.e., the production of donors near the conduction band, leads to
higher Fermi levels. A hypothesis can, thus, be brought forth
whereby the lower Fermi levels are the result of hole creation, i.e.,
analogue to p-type doping, near the surface of the samples with
highest photodegradation performance. Thus, the CPD signals
obtained in our experiments might indicate the presence of faster
transfer of charge carriers to the surface due to the presence of
acceptors for the highest ratios. This interpretation is in good
agreement with the trend in Surface PhotoVoltage Spectroscopy
(SPV) signal discussed by Dittrich et al.'* Fast transfer to the sur-
face is beneficial for enhanced photocatalytic activity.

In summary, the above four points, together with the significant
agreement in trends shown between k and CPD (Fig. 5) as a function
of variations of the TTIP to AcacH molar ratio, show that the CPD
and, therefore, the Fermi level of the samples control the photodegra-
dation of the TiO, films. Clearly, while there is correlation between the

scitation.org/journal/apl

CPD values and the k values, the mechanisms involved in the over-
all process of photodegradation are complex and remain to be elu-
cidated. It is possible that the carbon incorporation hypothesis
leads to the lower Fermi levels observed whereby photodegradation
is highest, i.e., highest TTIP to AcacH ratios. In analogy to p-type
doping, lower Fermi levels hint at the presence of acceptors, i.e.,
holes, near the surface. The presence of these acceptors makes pos-
sible a faster transfer of charge carriers to the surface. Finally, since
obtaining CPD data are relatively straightforward in KPEM, these
results further provide the means to rapidly characterize the surfa-
ces for photodegradation.

See the supplementary material for details on the synthesis of
TiO, thin films and the specifications of UVA and visible light lamps
used to monitor stearic acid degradation.
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