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Abstract: The drive for the development of systems that can simultaneously investigate chemical and
morphological information comes from the requisite to fully understand the structure and chemical
reactivity relationships of materials. This is particularly relevant in photocatalysis, a field ruled by
surface interactions. An in-depth understanding of these complex interactions could lead to signif-
icant improvements in materials design, and consequently, in photocatalytic performances. Here,
we present a first approach to a combined atomic force microscopy (AFM) and Raman spectroscopy
characterization of anodic TiO2 nanotubes arrays decorated with Ag nanoparticle electrodeposition
from either the same anodizing organic electrolyte or from an aqueous one. Photocatalytic substrates
were used in up to 15 consecutive photocatalysis tests to prove their possible deterioration with reuse.
Sample aging can, in principle, produce changes in both the morphology and the chemical com-
pounds that characterize the photocatalyst surface. Adopting multiple characterization techniques,
such as a combination of AFM and Raman spectroscopy in an original setup, can profitably enable
the observation of surface contamination. A significant drop in photocatalytic activity was observed
after 10 cycles on samples where silver was deposited from the organic electrolyte, while the others
remained stable. Such a drop was ascribed to photocatalyst deactivation. While in other cases, a
simple recovery treatment allowed the initial photoactivity to be restored, this deactivation was not
restored even after chemical and thermal cleaning treatments.

Keywords: TiO2 nanotubes; Ag nanoparticles; photocatalysis; rhodamine-B; deactivation; atomic
force microscopy (AFM); Raman spectroscopy; chemical maps

1. Introduction

Titanium dioxide (TiO2) is an n-type semiconductor and one of the most studied
photocatalysts. Its popularity is due to its excellent chemical stability, natural formation,
high resistance to photocorrosion, low toxicity, and thermal stability [1–3]. Due to its
light absorption ability, TiO2 has important applications in the fields of photocatalysis and
photovoltaics. However, TiO2 has some limitations. In particular, a band gap greater than
3 eV limits light absorption at ultraviolet wavelengths. This accounts for only a small
fraction of the total solar spectrum and leads to the rapid coupling of photogenerated
charge carriers [4].

Many strategies have been developed to solve these problems, such as doping TiO2
with noble metals such as Ag and Au. Isolated impurities can introduce absorption defect
states and reduce the recombination rate by trapping one carrier and freeing the other one to
escape. Although these strategies reduce losses due to the lower number of initial carriers,
the bandgap of TiO2 remains in the UV region [5,6]. Enhancement mechanisms, such as
plasmon-induced charge or energy transfer and photon scattering, have shown promise
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in semiconductor/plasmonic photocatalysis. These mechanisms are facilitated by the
localized surface plasmon resonance (LSPR) properties of metal nanoparticles (NPs), which
provide significant advantages for photocatalysis by reducing the recombination rate and
expanding the spectral absorption range of the material [7,8]. Additionally, plasmonic noble
metal NPs exhibit surface-enhanced Raman scattering (SERS) effects, which enable the
sensitive Raman spectral detection of organic compounds, and their integration into TiO2
nanostructured arrays as support for loading NPs significantly increases the sensitivity
and reproducibility of the SERS effect [9,10]. Indeed, the chemical mechanism at the
semiconductor/metal interface enhances both the strength and sensitivity of SERS, thereby
enhancing the photocatalytic performance in addition to the SERS ability. The results of
loading Ag to TiO2 have shown promising results for photocatalytic applications, with the
optimized Ag content increasing the photodegradation efficiency [11,12].

In this context, surface characterization plays a key role in understanding interactions
and reactions. Correlating morphological and chemical information may lead to important
steps toward the understanding and improvement of photocatalytic materials [13]. The sur-
face morphology of an electrode can currently be investigated by atomic force microscopy
(AFM) systems both in air and inside an electrolyte (in situ AFM). In fact, if the electrolyte
is transparent in the visible energy region, traditional AFM setups where the cantilever
deflection is monitored by a laser beam focused on the back of the tip can be employed.
Some information can be inferred from force curves collected with AFM in the dynamic
mode. Specifically, in the case of TiO2, the hydroxylation level can be observed, which is
strictly related to its photocatalytic activity [14]. Still, AFM cannot be the first choice when
a detailed chemical analysis of the surfaces is required.

To overcome this difficulty, a combination of spectroscopic techniques is generally
useful. Among the possible choices, Raman spectroscopy has attracted the interest of many
researchers because it is able to identify chemical compounds on the surface by detecting
the diffused light produced by a laser beam focused on the sample by an objective. Obvi-
ously, the lateral resolution of Raman spectroscopy is limited by light diffraction, while
AFM is affected by the tip radius, which is typically some tens of nanometers. Nowadays,
tip-enhanced Raman spectroscopy (TERS) can shift the lateral resolution to its limit by
employing the AFM tip as a nano-source of light [15]. However, TERS application in an
electrochemical cell is not easy and, for the moment, limited to some specific cases [16].
This is what led us to develop an original setup that combines AFM and traditional Ra-
man spectroscopy for measurements both in air and inside an electrolyte. This system is
described in [17], and we expose its principle of operation in the next paragraph. Here,
we show its application in a case study that may open the way to the characterization of
photocatalytic devices. In this first investigation, we focused on the stability and photo-
catalytic efficiency of the synthesized photocatalysts that were used in the photocatalytic
degradation of rhodamine B (Rh-B) in aqueous solution under UV light for multiple cycles.
One of the photocatalysts was thoroughly rinsed after every cycle while the other was left
uncleaned to examine how morphological modifications and adsorbed molecules affected
the photocatalyst stability and photocatalytic effectiveness. Integrating photocatalytic
efficiency evaluation with molecular and morphological data provided by AFM and Raman
should better explain how surface characteristics impact the material’s overall performance.

2. Materials and Methods
2.1. Photocatalyst Preparation

TiO2 nanotube synthesis was achieved through the electrochemical anodization tech-
nique. First, titanium sheets with a thickness of 0.5 mm were cut into square foils of
1 cm × 1 cm. They were then extensively cleaned in an ultrasonic bath with acetone and
ethanol, and then deionized water for ten minutes each. Compressed air was then used
to dry the Ti foils. To increase the homogeneity of the nanotube structure, we employed
a two-step anodizing procedure [18]. The samples were anodized at 45 V for 30 min in
potentiostatic conditions (Potentiostat LTC-Caoduro) in ethylene glycol containing 0.2 M
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NH4F and 2 M H2O in, as reported in previous studies [19,20]. Following the first an-
odization, sonication in ethanol and deionization (DI) in water for ten minutes each was
used to remove the grown TiO2 nanotube (TNT) layer. Under the same electrolyte and
potentiostatic conditions as in the first step, a second anodization was carried out on the
pre-patterned titanium sheet generated from the first anodization. To eliminate any leftover
electrolytes, the samples were rinsed with water and ethanol following the same process.
After that, the samples were annealed for 2 h at 450 ◦C (GEFRAN 1200 oven).

Electrochemical deposition was employed to decorate Ag nanoparticles on the ob-
tained TiO2 nanotubes in two ways, as follows:

(1) In aqueous solution containing 5 mM AgNO3 and 0.1 M Na2SO4 as the electrolyte.
The deposition conditions were 20 mA/cm2 for 1 min under galvanostatic conditions
(AimTTi PLH120-P DC power supply)—labelled A.

(2) In organic solution containing 10 mM AgNO3 in ethylene glycol as the electrolyte.
The deposition conditions were 5 V for 1 min under potentiostatic conditions—labelled O.

After deposition, the samples were thoroughly rinsed in deionized (DI) water and
dried in air. Two samples were produced for each condition; one was cleaned (C) following
each photocatalytic cycle, while the other was left uncleaned (UC). A schematic representa-
tion of the synthesis of Ag nanoparticle-electrodeposited TNT is shown in Figure 1.
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Figure 1. Schematic representation of the process for synthesizing Ag NP-electrodeposited TNT
photocatalysts.

2.2. Photocatalysis Measurements

Photocatalytic experiments were carried out using mini-batch photoreactors consisting
of a beaker containing 40 mL of organic dye solution (5 × 10−6 M aqueous Rh-B) and a
stirring system to ensure homogenization of the dye concentration in the solution and
oxygen flow to the photocatalyst surface. Each photocatalyst was placed horizontally in
the solution, and UV light was irradiated using a UV-A LED (Nichia NCSU033B, peak
power of 365 nm, UV-A intensity of 11.1 mW/cm2) placed at a distance of 3 cm from the
photocatalyst. The photocatalytic efficiency of the samples was evaluated by measuring the
absorbance values of the dye solution every hour at 555 nm using a vis-spectrophotometer
(SPECTRONIC 200E, Thermo Fisher Scientific, Les Ulis, France).

To examine the photocatalyst stability and investigate the effect of the cleaning process
on efficiency, 10 photocatalytic cycles (n) were carried out under the same conditions, and
the samples were either cleaned (C) or not cleaned (UC) with ethanol and DI water between
one cycle and the following.
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2.3. Photocatalyst Regeneration

To restore the photocatalytic performance of photocatalyst O_UC_10, three different
regeneration processes were carried out.

The first one relied on UV regeneration. The photocatalyst was put in the batch
reactors with 40 mL of deionized water and coupled to a stirring mechanism under UVA
light. Following a 24 h period, the photocatalyst was dried in air.

The second method was thermal. The photocatalyst was subjected to thermal anneal-
ing in air at 300 ◦C for 30 min to remove any carbon enrichment or contaminants adsorbed
over the photocatalyst surface as a result of the previous photocatalytic cycles.

Eventually, the photocatalyst was immersed in dichloromethane, a strong organic
solvent, first for 3 min, and then for 10 min.

2.4. General Characterization of Photocatalysts

The surface morphologies and elemental compositions of the photocatalysts were
characterized before use and after all 10 cycles using scanning electron microscopy (SEM)
with an EVO 50VP microscope (Carl Zeiss AG, Oberkochen, Germany) equipped with
a Bruker energy-dispersive X-ray spectrometer (EDS). ImageJ software (version 1.52t)
was used to analyze the SEM results. The crystallographic structures of the obtained
photocatalysts were analyzed by X-ray diffraction with a D2 Phaser (Bruker AXS GmbH,
Karlsruhe, Germany) using Cu K radiation (λ = 1.54184 Å) in a range of 15–60◦.

2.5. AFM-Raman Spectroscopy Characterization

We employed a NTEGRA Spectra system (NT-MDT), which combines atomic force
microscopy (AFM) with Raman spectroscopy in an original axial configuration, to study
the opaque samples. In fact, the Raman laser beam impinges on the sample on the same
side where the AFM tip is placed. In our experimental system, the laser beam of the
Raman setup was focused by an objective close to the apex of the AFM tip. Despite having
different lateral resolutions, AFM and Raman spectroscopy can analyze the same sample
area (correlation), opening the possibility of following chemical changes and possible
consequences on the local morphology of the sample (or vice versa). The AFM images
and Raman spectra were acquired ex situ. Particular care was devoted to the sample
alignment on the stage, in view of the following changes as a function of the number of
photocatalytic cycles on the same area of the sample. The AFM images were acquired in
the non-contact mode using OPUS 160AC-NG Au-coated tips, (force constant = 25 N/m;
resonance frequency of around 260 kHz). The tip apex was positioned in relief at the end
of the cantilever; this allowed us to place the laser beam on the sample but beside the
tip (displacement of about 3 µm). The Raman spectra were collected with a 532 nm laser
source and a 600 line/mm grating. The scan period was between 2 and 10 s, depending on
the signal intensity. The laser power applied to the pristine sample (TiO2 nanotubes) was
approximately 3 mW to avoid the formation of rutile phase [21]. Post-catalysis, the power
was kept below 0.3 mW to prevent local heating and potential damage to the sample. A
Nikon objective was employed for the measurements, with 100× magnification and an
N.A. of 0.75.

The measurements required careful alignment of the laser beam close to the AFM
tip. Generally, the former was placed at 3 µm from the latter along the axial direction of
the cantilever. Being a sample-scanning system, the relative position between the AFM
tip and the laser beam spot was the same during the overall acquisition process. The
measurement protocol prescribed, as a first step, to acquire an AFM image of an area
not smaller than (5 × 5) µm2. As a second step, we divided this area into sub-regions
with a lateral size not smaller than (0.5 × 0.5) µm2. In the center of the sub-regions, a
full Raman spectrum was acquired. This operation was repeated for each sub-region. By
employing standard graphical programs, such as Origin® and MATLAB®, we could select
a specific spectroscopic feature and compare its intensity for each analyzed sub-region. The
normalized intensity was reported along the z-axis in a 3D graph where the X-Y plane was
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composed of the sub-regions of our sample. Beside each morphology image, we visualized
a Raman map that represents a chemical characterization of a specific Raman feature on
our sample surface.

3. Results and Discussion
3.1. Preliminary Characterization

Field emission scanning electron microscopy (FESEM) was used to analyze the starting
morphologies of the photocatalysts. The top-view FE-SEM images of the photocatalysts
(i.e., those that have not undergone any photocatalytic cycles) show the formation of
highly ordered and regular nanotube arrays on the titanium substrate surface. In both
electrodeposition conditions, silver was deposited both in the form of nanoparticles, as
desired, and in larger aggregates, with more irregular shapes when an aqueous supporting
electrolyte was used, and more rounded ones with the organic electrolyte (Figure 2). Yet,
in the former case, at the nanoscale, the NPs appeared to be more uniformly distributed
in and around the TNT mouth, with sizes ranging roughly from 40 to 100 nm (Figure 2,
left). Na2SO4 improved the electrolyte conductivity during the deposition process, leading
to a more uniform deposition of Ag NPs and preventing the clogging of Ag NPs that
might accumulate at the mouths of the nanotubes during electrodeposition [22]. The Ag
nanoparticles derived from the organic electrolyte (Figure 2, right) exhibited slightly larger
sizes—ranging this time from 50 to 140 nm. Some nanotubes were completely closed
because of the deposition of bigger nanoparticles. Ag NPs typically aggregate because
of the charge differences among Ag NPs of different sizes, where smaller ones have a
partial positive charge and larger ones have a partial negative charge: as a result, via the
conductive substrate, larger nanoparticles tend to absorb nearby smaller particles [23,24].
The mass fraction of silver on the specimen surface was calculated instrumentally through
EDX maps sampled on the representative oxide surfaces, with an approx. size of 50 µm2.
The silver fractions differed from sample to sample, consistent with the SEM images shown
in Figure 2 and indicating non-optimal and non-uniform Ag distribution and formation of
the agglomerates. Specifically, they were calculated to be 1.8% on sample A_UC, 2.6% on
sample O_UC, and 2.7% on sample O_C.
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3.2. Photocatalysis Cycles

Rh-B solution degradation was used to measure the photocatalytic activity of all pro-
duced photocatalysts under UV irradiation according to the first-order kinetics, represented
as follows [21]:

ln
C
C0

= −kt (1)

The apparent reaction-rate constant (k) represents the photocatalytic activity, C0 is
the initial concentration of Rh-B, and C indicates the concentration of Rh-B for different
degradation times. Figure 3a shows comparative studies of the specific rate constants (the
apparent reaction rate constant divided by the specific area of the photocatalyst) of the
O_C and O_UC photocatalysts for all 10 photocatalytic cycles, while the photocatalytic
degradation efficiency in 6 h of testing is reported in Figure 3b. Interestingly, despite the first
30% drop in photoactivity after the first use, which may be explained by partial intermediate
adsorption onto the surface, in the following cycles, the photocatalyst gradually recovered
its initial efficiency. The effective breaking of the conjugated structure of the RhB molecule,
and thus, the effectiveness of the photocatalytic process, was confirmed by the decrease in
intensity in the absorbance spectrum (inset in Figure 3a), with no peak shift, which could
have indicated discoloration rather than molecule degradation. However, at the 10th cycle
of use, the photocatalytic efficiency dropped significantly, indicating clear deactivation.
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On the other hand, even after ten photocatalytic cycles, the photocatalytic activities of
O_C and O_UC did not show any noticeable impact of the cleaning procedure carried out
after each photocatalytic cycle on the photoactivity. Surprisingly, the uncleaned sample
showed a faster recovery than the cleaned one in the long run. This may be ascribed to a
slight deterioration caused by the frequent washing, which may have gradually damaged
the oxide layer or partially removed the deposited silver. For this reason, in the case of the
samples where silver was deposited from aqueous solution, cleaning was not performed at
all (Figure 4).

While the photocatalytic efficiency was lower than that observed on the sample
decorated using organic electrolyte, the sample exhibited enhanced stability. After the first
2 cycles, where a slight decrease in activity was observed, tests were conducted until the
15th cycle with no further relevant variation. These results are consistent with the SEM
images captured after 10 cycles of photocatalysis (Figure 5). Indeed, sample A_UC_10
still exhibited the presence of silver nanoparticles, with the average particle size ranging
between 40 and 110 nm, distributed in an ordered manner on the top of nanotubes, both
inside and outside. The only difference with the pristine samples before photocatalysis
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was that some nanotubes were found to be covered with a few contaminants, i.e., Rh-
B molecules or its partial degradation products remained adsorbed as a result of the
photocatalytic tests. The lower activity with respect to O_UC may be ascribed to the smaller
silver deposition extent, as proven by the previously reported EDX calculations.

Surfaces 2024, 7, FOR PEER REVIEW  7 
 

 
Figure 3. (a) Corresponding specific rate constants and (b) photodegradation efficiency of O_C and 
O_UC photocatalysts for the degradation of Rh-B under UV irradiation for 10 photocatalytic cycles. 
Inset in (a): RhB absorbance spectrum before (t = 0) and after (t = 6 h) photocatalytic test in the 
presence of sample O_UC used for the 6th time. 

On the other hand, even after ten photocatalytic cycles, the photocatalytic activities 
of O_C and O_UC did not show any noticeable impact of the cleaning procedure carried 
out after each photocatalytic cycle on the photoactivity. Surprisingly, the uncleaned sam-
ple showed a faster recovery than the cleaned one in the long run. This may be ascribed 
to a slight deterioration caused by the frequent washing, which may have gradually dam-
aged the oxide layer or partially removed the deposited silver. For this reason, in the case 
of the samples where silver was deposited from aqueous solution, cleaning was not per-
formed at all (Figure 4). 

 
Figure 4. (a) Corresponding specific rate constants and (b) photodegradation efficiency of A_UC 
photocatalyst for the degradation of Rh-B under UV irradiation for 10 photocatalytic cycles. Inset in 
(a): RhB absorbance spectrum before (t = 0) and after (t = 6 h) photocatalytic test in the presence of 
sample A_UC used for the 5th time. 

While the photocatalytic efficiency was lower than that observed on the sample dec-
orated using organic electrolyte, the sample exhibited enhanced stability. After the first 2 
cycles, where a slight decrease in activity was observed, tests were conducted until the 
15th cycle with no further relevant variation. These results are consistent with the SEM 
images captured after 10 cycles of photocatalysis (Figure 5). Indeed, sample A_UC_10 still 
exhibited the presence of silver nanoparticles, with the average particle size ranging be-
tween 40 and 110 nm, distributed in an ordered manner on the top of nanotubes, both 
inside and outside. The only difference with the pristine samples before photocatalysis 
was that some nanotubes were found to be covered with a few contaminants, i.e., Rh-B 

Figure 4. (a) Corresponding specific rate constants and (b) photodegradation efficiency of A_UC
photocatalyst for the degradation of Rh-B under UV irradiation for 10 photocatalytic cycles. Inset in
(a): RhB absorbance spectrum before (t = 0) and after (t = 6 h) photocatalytic test in the presence of
sample A_UC used for the 5th time.

Surfaces 2024, 7, FOR PEER REVIEW  8 
 

molecules or its partial degradation products remained adsorbed as a result of the photo-
catalytic tests. The lower activity with respect to O_UC may be ascribed to the smaller 
silver deposition extent, as proven by the previously reported EDX calculations. 

 
Figure 5. FESEMs of sample A_UC (left) and O_UC (right) after 10 cycles of photocatalysis. 

In contrast, for the O_C and O_UC photocatalysts, their stability was compromised 
after nine cycles, despite the apparent absence of morphological changes (data not re-
ported). The reasonable explanation for the drastic reduction in photoactivity could be 
either the deactivation caused by the reaction byproducts adsorbed on the photocatalyst 
surface, or the structural collapse. The SEM results support the explanation suggesting 
deactivation, as there were no relevant morphological changes with respect to the pristine 
conditions. Indeed, the surface of the nanotubes appeared less clean, with shadows on top 
of most nanotubes that may indicate the presence of organic residuals. 

Further analyses using other characterization techniques were conducted to study 
the elemental composition of the adsorbed contaminants. After ten photocatalytic cycles, 
EDX analysis was performed (Figure 6). According to the EDX data, the elements that 
were most common on the surface of the photocatalysts were titanium (Ti), oxygen (O), 
and silver (Ag). Furthermore, residues of impurities like carbon and nitrogen were found, 
deriving from Rh-B residues. Although the elemental mapping shows Ag dispersed ap-
parently uniformly over the TNT surface for each photocatalyst, with increased intensity 
where white particles are observed in the SEM image, this is due to the limited spatial 
resolution of the EDX probe. Indeed, Ag was concentrated in the nanoparticles, and not 
present where particles are not visible. 

 
Figure 6. EDS spectra and elemental mapping images of A_UC_10 (left) and O_UC_10 (right). An 
asterisk marks the gold peak whose presence is due to a thin Au film deposited on the samples 
prior to SEM and EDS analysis. This deposition has no influence on the photoactivity investigation 
and is intended solely to enhance imaging quality. 

Figure 5. FESEMs of sample A_UC (left) and O_UC (right) after 10 cycles of photocatalysis.

In contrast, for the O_C and O_UC photocatalysts, their stability was compromised
after nine cycles, despite the apparent absence of morphological changes (data not reported).
The reasonable explanation for the drastic reduction in photoactivity could be either the
deactivation caused by the reaction byproducts adsorbed on the photocatalyst surface, or
the structural collapse. The SEM results support the explanation suggesting deactivation,
as there were no relevant morphological changes with respect to the pristine conditions.
Indeed, the surface of the nanotubes appeared less clean, with shadows on top of most
nanotubes that may indicate the presence of organic residuals.

Further analyses using other characterization techniques were conducted to study the
elemental composition of the adsorbed contaminants. After ten photocatalytic cycles, EDX
analysis was performed (Figure 6). According to the EDX data, the elements that were most
common on the surface of the photocatalysts were titanium (Ti), oxygen (O), and silver
(Ag). Furthermore, residues of impurities like carbon and nitrogen were found, deriving
from Rh-B residues. Although the elemental mapping shows Ag dispersed apparently
uniformly over the TNT surface for each photocatalyst, with increased intensity where
white particles are observed in the SEM image, this is due to the limited spatial resolution
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of the EDX probe. Indeed, Ag was concentrated in the nanoparticles, and not present where
particles are not visible.
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Figure 6. EDS spectra and elemental mapping images of A_UC_10 (left) and O_UC_10 (right). An
asterisk marks the gold peak whose presence is due to a thin Au film deposited on the samples prior
to SEM and EDS analysis. This deposition has no influence on the photoactivity investigation and is
intended solely to enhance imaging quality.

Overall, it is possible to state that, from a morphological standpoint, the Ag-deposited
photocatalysts under both deposition conditions remained extremely stable, exhibiting no
changes even after 10 photocatalytic cycles. Furthermore, there was no apparent difference
in the morphological aspects when the photocatalysts were cleaned or not. Given the
absence of relevant changes observed with SEM, to confirm a possible deactivation issue,
photocatalyst regeneration was carried out following the procedure described in Section 2.3.

Figure 7 reports the values of the kinetic constant obtained on sample O_UC after
several attempts of surface cleaning. The first regeneration method relied on previous
experience, but in the present case, gave no results. Thermal decomposition of the organic
residues was not able to modify the sample conditions either. Even after immersion in
dichloromethane (DCM), only a slight recovery was achieved. This implies that deactivation
was not reversible.
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Figure 7. Specific rate constants of O_UC photocatalyst after regeneration trials.

In previous works, deactivation was found in samples similar to the ones used in the
present work but for toluene removal, where sample regeneration was fully achieved. In
contrast, in other works where Rh-B was used as model pollutant, no deactivation was
observed, but this conclusion was drawn on a smaller number of repeated cycles [25]. This
confirms that Rh-B may, with time, lead to irreversible substrate poisoning.
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3.3. Coupled AFM + Raman Spectroscopy

Figure 8 reports, as an example, a tridimensional AFM image of an A-UC sample.
A sensible height variation is evident, even in a relatively small area. Moreover, there
are some spots with some higher particles not related to the TiO2 nanotubes due to some
clustering of the Ag nanoparticles. AFM was able to better show how the nanoparticles
were integrated inside the tube openings.
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Figure 8. Three-dimensional AFM image of the A-UC sample, below in grey its 2D projection.

Comparison of the AFM and SEM images revealed an identical hexagonal morpholog-
ical structure of the nanotubes, indicating that both techniques can detect the top of the
aligned nanotubes characteristic of these samples.

All the samples were investigated by Raman spectroscopy. The results are reported in
Figure 9. The pristine samples practically show the same spectrum, which is in very good
agreement with the Raman literature on TiO2 anatase phase [26]. We highlight the presence
of a large band at around 710 cm−1, which is not related to anatase phase but to the doping
of the TiO2 with Ag NPs [27]. The main peak at 144 cm−1 was used to construct the TiO2
anatase map after the sample aging.

Immediately after the very first cycle (see above for details), the main spectroscopic
features of TiO2 were significantly reduced in intensity, while new intense peaks appeared
at 1195 cm−1, 1280 cm−1, 1355 cm−1, 1500 cm−1, and 1640 cm−1,, and other less intense
at 630 cm−1, 760 cm−1, and 930 cm−1, all corresponding to the presence of Rh-B, as also
reported in the literature [28,29]. By increasing the number of cycles by a factor of 10,
the Raman spectra results were unaffected even though some samples (O_C_10) were
washed after being used in the photocatalytic water treatment. We only observed an
insignificant change in the spectrum background. This confirms that the washing procedure
adopted between one photocatalysis cycle and the other was pointless and did not allow
the residuals of Rh-B to be cleaned from the sample.
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Figure 9. Raman spectra acquired on both pristine and aged samples. Panels (b,c) refer to the
sample extracted from the photocatalytic cell and dried under a pure nitrogen flux. Conversely, panel
(a) reports the data collected on the samples washed after the aging process.

It was important to check if the Raman spectroscopic features intensities, related to
both the substrate and the Rh molecule, were almost uniform on the sample surface or if
the concentration of Rh molecules was observed in some preferential areas of the sample.
To this goal, the combined acquisition of AFM and Raman spectra was crucial to visualize
the compound distribution on the surface. The results are reported in Figure 10.
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Figure 10. Morphological maps [(15 × 15) µm2] are reported in panels (a,d,g), for O_C_10, O_UC_10,
and A_UC_10, respectively. In the same region, the Raman intensities for Rh (namely, the Cx–Cx
stretching mode, about 1640 cm−1) are reported in panels (b,e,h). The anatase contribution (144 cm−1)
map is shown in panels (c,f,i).
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The AFM morphologies (Figure 10a,d) showed some more roundish clusters on the
sample surface with respect to the pristine ones. This effect was a direct consequence of
the progressive aging of the sample. The scanned area was divided into sub-regions with
a lateral size of about 750 nm, where the Raman spectrum was collected (see Materials
and Methods section). The intensities are reported in the other panels of the image. The
Rh-B molecule contribution (peak selected at about 1640 cm−1) is shown in panels (b) and
(e). The molecule was apparently distributed quite uniformly on O_C_10 and O_UC_10,
although the Raman signal minima are aligned with the hollows shown in the surface
morphology in the corresponding AFM maps. The anatase signal contribution (panels
(c) and (f)) found its maximum intensity in the regions where the Rh-B signal was at a
minimum. Thus, the chemical maps, together with the AFM morphologies, suggest a
sudden surface coverage by Rh-B after the first photocatalytic cycle, which, however, can be
partially affected by the local quality of the surface morphology (e.g., hills, hollow regions,
etc.). Analogous comments are also valid for sample A_UC_10.

To better highlight this correlation, Figure 11 reports the AFM (panel (a)) and Raman
spectroscopy (panel (c)) overlapping (panel (b)). As previously mentioned, it can be seen
that where more round-shape features are present, i.e., Ag particle clusters, there is a
brighter area in the Rh-B Raman intensity map.
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In conclusion, the AFM-Raman correlation developed and demonstrated in this study
represents a significant advancement in the analysis of real surfaces, particularly those
with notable roughness and complex topographies. Unlike more simplified model systems,
such as single crystals, which exhibit uniform and idealized characteristics, real-world
materials often present intricate surface irregularities. The combination of AFM and Raman
spectroscopy not only allows for a more precise mapping of these surface features but
also offers a deeper and more comprehensive understanding of the chemical and physical
properties of such materials. This enhanced level of detail is particularly valuable for
studying surfaces with practical applications, where the interaction between the surface
morphology and material behavior is critical. By integrating these two powerful techniques,
we are better equipped to tackle the challenges associated with analyzing more complex
and realistic systems.

4. Conclusions

In this study, we have successfully demonstrated the integration of atomic force mi-
croscopy (AFM) and Raman spectroscopy to investigate the photoactivity of Ag-decorated
TiO2 nanotube arrays. This combined approach allowed us to explore both the morphologi-
cal and chemical changes in the photocatalytic substrates, offering a more comprehensive
understanding of the degradation and deactivation mechanisms occurring after multiple
photocatalytic cycles. Our findings indicate that the samples where Ag was electrodeposited
from an organic electrolyte showed significant performance deterioration after 10 cycles,
and traditional cleaning methods were ineffective in restoring their photocatalytic activity.
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Moreover, the proposed coupling of AFM microscopy with Raman spectroscopy
suggests a broader field of investigation and expands the possibilities for the chemical
mapping of real-world samples. This method proves particularly valuable for samples with
substantial surface roughness, which might hinder the application of more sophisticated
techniques. In such contexts, our combined setup offers a practical and effective solution
for surface analysis.

In the future, we plan to further enhance the setup by implementing in situ sample
illumination directly within the AFM-Raman measurement cell. This addition will enable
the real-time monitoring of photocatalytic processes, potentially offering new insights into
the deactivation mechanisms of certain materials. We believe that these advancements will
open up exciting opportunities for future research, providing deeper interpretations of the
material behavior under operational conditions.
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