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Abstract: In this work, we have developed a real-time UV/VIS spectroscopy method using a broad-
band Xenon Arc lamp to detect photocatalytic reactions in real time. A CMOS camera was used
instead of an output slit to capture all spectral information simultaneously, which can enable a
real-time detection of the UV/VIS absorption of the analytes within a single frame of the camera. To
verify real-time spectroscopy, a wavelength calibration process was performed using three laser line
filters and a didymium glass filter sample. To demonstrate that this real-time spectroscopic setup
can be used for rapid measurements, MB samples were used to observe the real-time photocatalytic
degradation of MB by TiO2 nanoparticles. For real-time measurement, four samples with different
TiO2 nanoparticle quantities showed different photocatalytic degradation mechanisms. By plotting
the spectra every 20 ms, the series of spectra clearly showed the degradation of MB in real time.

Keywords: real-time; UV/VIS spectroscopy; photocatalytic degradation; broadband light

1. Introduction

Real-time spectroscopic techniques, spanning from ultraviolet (UV) to infrared (IR)
wavelengths, have been widely used to investigate physical and chemical mechanisms
in various research areas, such as photonics [1,2], chemicals [3,4], and biomedical instru-
ments [5,6]. In our previous study [7], we successfully demonstrated the feasibility of
using a grating-based simultaneous spectroscopic technique with a broadband IR source
to detect various types of chemical analytes in real time. This proof-of-concept approach
can be extended to the UV/VIS spectral region, which is a conventional analytical chem-
istry technique for determining chemical analytes. Real-time UV/VIS spectroscopy offers
the advantage of providing valuable information on the evolution of fast dynamic pro-
cesses, including electronic transitions [8] and compositional changes [9], which are not
easily accessible using conventional UV/VIS spectroscopy that requires wavelength tuning.
Therefore, by employing real-time UV/VIS spectroscopy, it is possible to obtain a more com-
prehensive understanding of the physical and chemical mechanisms underlying a given
process, as well as to uncover previously unknown features of the system under study.

Photocatalysis has become an area of immense interest due to its versatility in a range
of reactions, including oxidation and dehydrogenation for organic degradation [10], air
purification [11], and water detoxification [12]. Among the many pollutants, methylene
blue (MB) is a major water contaminant and has been the focus of numerous studies on
photocatalytic degradation of organic dyes [13]. A range of photocatalysts, such as TiO2
nanoparticles [14], ZnO [15], and CaIn2O4 [16], have been studied for MB degradation.
Among these, TiO2 has emerged as the most promising candidate due to its high reaction
rate. Since the reaction rate is a key factor in reducing the cost of photocatalytic processes,
significant efforts have been invested in accelerating the reaction speed [17,18]. This
underscores the importance of understanding the mechanisms of MB degradation and how
they relate to the photocatalytic properties of TiO2 nanoparticles.
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As the photocatalytic degradation rate of MB increases, it becomes increasingly im-
portant to employ in situ real-time spectroscopic methods to understand the degrada-
tion process, which can occur within sub-seconds. Although conventional UV/VIS spec-
troscopy [19] has been utilized to investigate the photocatalytic degradation mechanisms
of MB, since its absorbance peaks are within the visible range, the real-time spectroscopic
approach offers a more comprehensive understanding of the mechanism and enables the
detection of peak position shifts of new peaks on a sub-second timescale, which are not
easily accessible using conventional UV/VIS spectroscopy [20].

In this study, we present a novel approach for real-time spectroscopic detection of
photocatalytic effects in samples using a broadband UV-enhanced Xenon Arc light source.
Unlike conventional UV/VIS spectroscopy, our spectrometer captures the spectrally broad-
band light directly reflected from the grating using a CMOS camera, eliminating the need
for a traditional output slit. This enables the real-time monitoring of all spectral information,
including those that may be missed by traditional UV/VIS spectrometers. Moreover, our
spectroscopic technique allows for simultaneous acquisition of spatial and spectral infor-
mation, making it possible to monitor any inhomogeneous spatial variations of samples in
real time.

The integration time of the CMOS camera sets the limit for the speed of our proposed
technique, making it a fast and efficient method for real-time spectroscopy. Additionally,
this protocol can be applied to any other spectroscopy that requires hyperspectral imaging
in real time, making it a versatile and valuable tool for various scientific research [21,22].
Overall, our approach presents a significant advancement in the field of real-time spec-
troscopy, providing a powerful tool for monitoring fast dynamic processes in various
scientific areas.

The development of our proposed real-time spectrometer represents a major advance-
ment in the study of photocatalytic effects, with broad-reaching applications in environmen-
tal science, material science, and biomedical research. By enabling the real-time detection of
photocatalytic effects, our spectrometer can play a pivotal role in optimizing photocatalytic
processes and enhancing our understanding of their underlying mechanisms. The ability to
simultaneously obtain spatial and spectral information is especially valuable in illuminating
the heterogeneity of samples, which is often a key factor in photocatalysis. Our real-time
spectroscopic technique has the potential to revolutionize the field of spectroscopy, leading
to new scientific discoveries and facilitating breakthroughs in a range of disciplines. With
its speed and versatility, this method promises to be a powerful tool for researchers seeking
to unravel the mysteries of photochemical reactions and other dynamic phenomena.

2. Results
2.1. Optical Setup

In Figure 1, we present a detailed schematic of our real-time spectroscopy setup,
which harnesses the broadband Xenon Arc lamp described in the Experimental Section to
enable the detection of all spectral information of dispersed broadband light sources from
a grating using a complementary metal-oxide semiconductor (CMOS) camera [7]. Our
technique employs a Xenon Arc lamp as a broadband light source, which is focused into a
vertical slit with a width of 100 µm using two plano-convex lenses. The light then passes
through the sample, illuminates a grating with a groove density of 1200 grooves/mm, and
the dispersive spectrum is recollimated by the second off-axis parabolic mirror (OAP). To
prevent the CMOS camera from receiving saturated data, we employed neutral density
(ND) filters (optical density = 1.0, transmission = 10%) before capturing the light beam.
Overall, our setup offers a robust and efficient solution for real-time spectroscopy with the
potential to advance a variety of scientific fields.

Our real-time spectroscopy setup not only provides real-time detection of photocat-
alytic effects, but also offers numerous advantages over traditional UV/VIS spectroscopy
techniques. The use of a broadband Xenon Arc lamp allows for the detection of all spectral
information, which can be crucial for understanding complex reaction mechanisms. In
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addition, the direct capture of the spectrally broadband light reflected from the grating
using a CMOS camera eliminates the need for a traditional output slit, simplifying the
setup, and reducing the potential for signal loss. This unique feature allows for the real-
time monitoring of inhomogeneous spatial variations of samples, which is particularly
useful for the study of photocatalysis, where spatial heterogeneity is often a critical factor
in determining reaction kinetics. Overall, our real-time spectroscopy setup represents a
significant advancement in the field of spectroscopy and has the potential to drive new
discoveries in a wide range of scientific disciplines.
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Figure 1. A schematic of the real-time UV/VIS spectroscopy setup. Broadband “white” light having
a UV to NIR wavelength range was used as an illumination source. The light beam passed through a
sample is collimated by an off-axis parabolic mirror (OAP) and it illuminates a grating. The dispersive
spectrum is recollimated and passed through a neutral density (ND) filter (1.0 optical density, 10%
transmission). A dispersed broadband signal is captured by a CMOS camera.

2.2. Wavelength Calibration

In this study, we utilized the developed real-time spectrometer to generate two-
dimensional contour maps of the broadband light source signal captured by the CMOS
camera, as demonstrated in Figure 2a–c. The contour maps contain both spectral and
spatial information of the dispersive light source from the grating, with the X-axis and Y-
axis camera pixels representing spectral and spatial information, respectively. To obtain the
spectral information of the emission signal, we performed a pixel-to-wavelength conversion
process using three laser line filters (center peaks of 488, 532, and 632.8 nm) placed in the
optical path of the CMOS camera to mark the specific wavelengths on the contour maps.
Each laser line filter had a full width at half maximum (FWHM) value of 1 ± 0.2 nm. A
representative contour map, combining the three different emission signals obtained by
using the laser line filters, is illustrated in Figure 2b, with the three emission peaks extracted
from the white line shown in Figure 2d. The peak positions of the three spectra have a
linear relationship with the wavelength of the broadband light source, as demonstrated
in Figure 2e. By utilizing this positive correlation, we successfully completed the pixel-
to-wavelength process, as shown in Figure 2c,f. Each contour map shows a region of
interest (ROI) by windowing down to a size of 300 × 300 pixels, which provides the highest-
quality image for the light-illuminated region. The contour maps of the emission spectra
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in Figure 2 only have a wavelength range of 500 nm to 680 nm, where the spectrum of
the MB sample is present. We intentionally selected this wavelength range to focus on
the dispersive spectrum of MB using bandpass filters. However, the wavelength range or
center wavelength can be adjusted by using other bandpass filters or rotating the grating,
depending on the absorption spectra of the analytes. The ability to obtain such detailed
and versatile information through our real-time spectrometer can greatly enhance the
understanding and optimization of photocatalytic processes in various fields.
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Figure 2. (a) A representative contour map of the broadband light source in the wavelength range
of 500 nm to 680 nm. (b) A representative contour map combining three different emission signals
was obtained by using the three laser line filters (488 nm, 532 nm, and 632.8 nm, left to right). (c) A
representative contour map of the broadband light source after the wavelength conversion process.
(d) Emission spectra of the white line in (b). (e) Correlation of the X camera pixel with wavelength.
(f) Emission spectra of the white line in (b) after the wavelength conversion process.

In order to evaluate the accuracy of the wavelength calibration process, we performed
an experiment using a didymium glass filter as a reference sample, which has characteristic
peaks in both the ultraviolet and visible ranges. A representative contour map of the
broadband light source passing through the didymium glass filter was obtained and is
shown in Figure 3a. We recorded the raw spectra of both the broadband light source
(black line in Figure 3b) and the didymium glass filter sample (blue line in Figure 3b). The
absorbance spectrum of the didymium glass filter sample (black line in Figure 3c) was
then acquired by dividing its spectrum by the reference spectrum (broadband source), as
shown in Figure 3c. We further compared the absorbance spectrum obtained using our
real-time UV/VIS measurement setup with the one obtained using a commercial UV/VIS
spectrometer that requires continuous wavelength tuning while acquiring a spectrum. The
two absorbance spectra agreed well, except for a distinctive absorbance feature present
in the 560–610 nm wavelength range of the real-time UV/VIS measurement. This feature
is attributed to two distinct peaks observed at 574 and 587 nm, which have previously
been observed by other groups [23,24]. It is important to note that the peak position and
spectral bandwidth of these two peaks may vary with the experimental setup. Overall, the
results show that our real-time UV/VIS measurement setup provides accurate wavelength
calibration, with only minor differences from a commercial spectrometer, and is therefore a
reliable tool for acquiring accurate absorbance spectra.
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Figure 3. (a) A representative contour map of the broadband light source when the light passed
through the didymium glass filter. (b) Emission spectra of the broadband light source (black) from
the white line in Figure 2a. and the light source passed through the didymium sample (blue) from the
white line in (a). (c) Absorbance spectrum of the didymium glass filter sample obtained by the real-
time spectroscopy (black) and the spectrum obtained by the commercial UV/VIS spectroscopy (red).

To obtain accurate and reliable results in real-time spectroscopy, it is paramount to
optimize the input slit aperture size. The choice of this parameter has a significant impact
on both the spectral resolution and the signal-to-noise ratio of the absorbance spectra.
Nevertheless, selecting the optimal slit aperture size can be challenging because using a
narrow-slit aperture results in a high spectral resolution but yields a weak beam intensity,
which in turn adversely affects the signal-to-noise ratio. Conversely, using a wider slit
aperture enhances the beam intensity but results in lower spectral resolution. Therefore,
the selection of the most appropriate slit aperture size is crucial. In our study, we have
empirically determined the optimal slit aperture size of 10 µm, which provides sufficient
spectral resolution and signal-to-noise ratio to effectively observe the absorbance spectra
of MB samples. Although we did not elaborate on the experimental details of how we
arrived at this optimum slit aperture size, we have ensured that our chosen size meets the
requirements of the real-time spectroscopy setup to generate high-quality results.

2.3. Real-Time Sample Detection

The real-time spectroscopic technique discussed in the previous section offers a key
advantage over traditional spectroscopic techniques. Its main benefit is the ability to
simultaneously detect analyte absorption and chemical reactions, making it a powerful tool
for monitoring chemical reactions in real time. Moreover, the technique has the potential
for much faster sampling rates, which can be achieved by using faster frame rates and
shorter integration times of the camera. However, the quality of each spectrum obtained
is determined by the specification of the camera, which serves as the limiting factor. In
this study, a camera frame integration time of 500 µs and a frame rate of 155 fps were
used, providing satisfactory results. By adjusting these parameters, it is possible to further
increase the sampling rate, provided that the signal-to-noise ratio remains adequate to
obtain accurate sample spectra.

In this section, we employed a real-time spectroscopic setup to monitor the pho-
todegradation of methylene blue (MB) by TiO2 nanoparticles through photocatalysis, a
widely adopted approach that exploits a photocatalyst to break down organic pollutants
in the presence of light. Spectroscopic techniques, such as UV/VIS spectroscopy, were
utilized to monitor the degradation process by measuring changes in the absorbance of MB
as it was degraded by the photocatalyst. With the real-time spectroscopic setup, the MB
degradation could be monitored in real time, and valuable information about the kinetics
of the degradation process was obtained.

To demonstrate the effectiveness of the real-time spectroscopic setup, Figure 4a,b
depict representative contour maps of the broadband light source when passing through
the reference sample, consisting of TiO2 nanoparticles in ethanol, and the MB sample,
respectively. These contour maps provide a comprehensive graphical representation of the
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spectral intensity of the broadband light source at various wavelengths, allowing for the
identification of spectral changes over time. In Figure 4c, a representative absorbance con-
tour map of the MB sample is presented, which was generated by subtracting the contour
map of the reference broadband light source from that of the MB sample. The absorbance
contour map provides a visual representation of the changes in the absorbance values of
the MB sample over time. To further investigate these changes, Figure 4d illustrates the
raw spectra extracted from the white dotted lines in the contour maps of the broadband
light source, as a reference signal (black line) and for the MB sample (blue line), enabling
the identification of spectral changes over time. These findings demonstrate the useful-
ness of the real-time spectroscopic setup in identifying and monitoring the degradation
of MB by TiO2 nanoparticles, providing valuable information about the kinetics of the
degradation process.
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(a) the reference sample (TiO2 nanoparticles in ethanol) and (b) the MB sample. (c) A representative
absorbance contour map of the MB sample obtained by subtracting the contour map of the reference
broadband light source. (d) Raw spectra extracted from the white dotted lines in the contour maps
of the broadband light source (a,b) as the reference signal (black line) and the MB sample (blue
line). (e) Absorbance spectra of the MB sample extracted from five different white dotted lines in the
absorbance contour map (c).

Figure 4e displays the absorbance spectra of the MB sample extracted from five differ-
ent white dotted lines in the absorbance contour map (see Figure 4c). It is noteworthy that
the Y-axis (camera pixel) represents the spatial information of the samples, enabling obser-
vation of any spatial variation in the light-illuminated area of the samples. In this study,
all the MB samples were homogeneous mixtures containing uniformly distributed TiO2
nanoparticles, and no significant spatial variation in the five different spectra was observed,
as illustrated in Figure 4e. This feature is particularly advantageous over other commercial
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in situ spectroscopic techniques, as the real-time spectroscopy employed in this study is
beneficial for obtaining spatial and spectral information of any inhomogeneous mixture
samples or non-uniform thin-film samples in real time, which makes it an invaluable tool
for researchers working with complex samples.

Figure 5a–d illustrate distinct photocatalytic degradation rates that are dependent on
the quantity of TiO2 [25]. Sample A, which contains the lowest amount of TiO2 (0.003 wt.%),
showed a relatively slow degradation rate of 30% over 10 min. However, as the quantity
of TiO2 increased to 0.006 wt.%, the degradation rate increased to 50% over the same
time period (Figure 5b). When the TiO2 quantity was further increased to 0.010 wt.%
(Figure 5c), the photocatalytic degradation rate of MB significantly accelerated, and a
substantial drop in absorbance peaks (≈95% photocatalytic degradation) occurred within
the first minute. The photocatalytic degradation rate remained almost the same even
when the TiO2 quantity was increased to 0.013 wt.%, indicating that the amount of TiO2
required for the degradation of MB was saturated. By comparing Sample C and Sample
D using Figure 5e,f, it is apparent that Sample D exhibited a lower amount and rate of
degradation. This behavior can be attributed to an excessive amount of photocatalyst,
which leads to several negative effects on the photocatalytic reaction. Firstly, an excess
of photocatalyst can interfere with light transmission, thereby hindering the reaction.
Secondly, excessive photocatalyst may aggregate and reduce the reaction surface area
available to the substance being degraded. Thirdly, unbound photocatalysts may absorb
energy required for bound photocatalysts to react, reducing the reaction efficiency. Finally,
photo-excited photocatalysts may collide with ground-state photocatalysts, leading to a
decreased reaction efficiency. To compare the photolysis phenomenon of the four different
samples, Figure 5e,f illustrate changes in the absorption of 662 nm, which is the peak with
methylene blue characteristics, and 603 nm, which is the shoulder. The peak of MB is due
to the presence of S and N in the π-π bonds of the benzene ring, while the shoulder is
caused by the vibration transition in the ground state and the excited state [26]. We can
obtain valuable information about benzene ring cracking through the 662 nm peak, which
represents the absorption due to S and N in the π-π bonding of the benzene ring. Based
on our results, the bleached sample showed approximately 95% degradation, while TiO2
amounts of 1 mg, 2 mg, 3 mg, and 4 mg each exhibited a reduction in absorbance of 28%,
43%, 97%, and 92%, respectively. These findings suggest that the degree of benzene ring
cracking due to reduction is dependent on the amount of photocatalyst used.

Table 1. Four different MB samples with TiO2 nanoparticle concentrations.

Sample Ethanol
(mL)

Methylene Blue
(mg)

TiO2 Nanoparticle
(mg)

TiO2 Nanoparticle
(wt.%)

Sample A 40 0.2 1 0.003

Sample B 40 0.2 2 0.006

Sample C 40 0.2 3 0.010

Sample D 40 0.2 4 0.013

It is important to note that the temporal resolution of this condition (1 min) is compa-
rable to that of conventional UV/VIS spectroscopy, which is insufficient to capture rapidly
changing spectra, as in this case. Figure 5e,f show that the information on the photocatalytic
degradation mechanism was insufficient during the first minute. However, the real-time
spectroscopic approach used in this study enabled the continuous monitoring of the spec-
tral changes in the sample with high temporal resolution, allowing us to capture detailed
information on the degradation mechanism that conventional spectroscopic techniques
cannot provide.
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Figure 5. (a–d) Absorbance spectra of 4 different MB samples (Samples A to D) with TiO2 nanoparticle
concentration, which is described in Table 1. The arrow in (c) indicates rapid photodegradation
occurring within 1 min, from 0 min to 1 min. Changes in the absorption of 662 nm (e), which is the
peak with methylene blue characteristics, and 603 nm (f), which is the shoulder at intervals of 1 min
per 10 min of 4 different samples. The black lines, the red lines, the blue lines, and the green lines are
Samples A, B, C, and D, respectively.

Real-time spectroscopy is a powerful technique for providing a comprehensive un-
derstanding of photocatalytic degradation mechanisms, particularly regarding temporal
variation and peak-to-peak intensity changes. In this study, Sample C showed the most
rapid degradation of MB, with a significant drop in absorbance peaks within the first 10 s.
Figure 6a illustrates a series of spectra of Sample C taken at 20-millisecond intervals for
the first 10,000 milliseconds, providing a detailed look at the degradation process. As
shown in Figure 6b, the 603 nm shoulder, which represents absorption by vibration of
methylene blue, rapidly decreased at the beginning and bleached at 10,000 milliseconds,
while the peak of 662 nm, which represents absorption by S and N in the π-π bonds of the
benzene ring, was gradually reduced and decomposed by nearly 75% at 10,000 milliseconds.
These results provide further insights into the degradation mechanism and highlight the
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potential of real-time spectroscopy in detecting any peak position shifts of new peaks on a
sub-second timescale, which cannot be observable in Figure 5, where only the suppression
of the absorbance peaks is evident. Therefore, real-time spectroscopy is a valuable tool for
obtaining detailed information about chemical reactions and mechanisms.
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3. Materials and Methods
3.1. UV/VIS Spectroscopy

A UV/VIS/NIR infrared (NIR) spectrophotometer (Shimadzu, UV-3600, Kyoto, Japan)
was used to obtain a reference UV/VIS absorbance spectrum for comparison with that of
real-time UV/VIS spectroscopy. The absorbance of the sample was calculated using the
following equation:

A = − log10 T = log10
I0

I
(1)

where A is the absorbance, T is the transmittance, I0 is the intensity of transmitted light,
and I is the intensity of incident light [27]. UV/VIS spectroscopy was performed in the
wavelength range of 400 to 800 nm, where the MB absorbance peaks exist.

3.2. Xenon Arc Lamp Light Source

We used a commercially available UV-enhanced Xenon Arc lamp (Newport, 6269)
to obtain a broadband UV/VIS spectrum containing an intensive 365 nm for electron
excitation of TiO2 nanoparticles [25]. To achieve a rapid degradation rate of MB, the lamp
power was fixed at the maximum power (1000 W). The lamp was packaged using a housing
(Newport, 66921) for the cooling system and light collimation. Two plano-convex lenses
were used to collimate and focus the incoherent beams.

3.3. Sample Preparation

To calibrate the wavelength for real-time spectroscopy, we employed a commercially
available didymium glass filter (Hellma, F7, Müllheim, Germany), which is commonly used
for UV/VIS spectroscopy due to its sharp peak in the UV/VIS region [28]. For real-time
spectroscopic measurements, we used MB samples dissolved in ethyl alcohol (ethanol). We
prepared four MB samples with varying concentrations of TiO2 nanoparticles by adding
commercially available TiO2 nanoparticles (Degussa, P-25) to the MB solution. Specifically,
0.8 mg of MB was dissolved in 160 mL of ethanol, sonicated for 40 min to ensure complete
dissolution, and then divided into 4 samples. Different amounts of TiO2 nanoparticles (1,
2, 3, and 4 mg) were added to each sample, which was then re-sonicated for 40 min to
achieve particle dispersion [25,29]. The specific details are presented in Table 1. To conduct
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the real-time UV/VIS spectroscopy measurements, the MB/TiO2 samples were stored in
quartz cuvettes.

3.4. TiO2 Photocatalysis

TiO2 nanoparticles are widely known as typical photocatalysts for the degradation of
organic compounds [25]. This photocatalytic function is activated when TiO2 nanoparticles
are irradiated by 365 nm light, owing to the wide bandgap of TiO2 nanoparticles [30].
Upon photoexcitation, excited electrons in TiO2 nanoparticles can oxidize organics, and
the complex oxidation mechanism has been described elsewhere [31]. Considering that
MB is an organic dye that can be oxidized by TiO2 nanoparticle photocatalysis, and its
absorption peaks occur in the visible region, MB degradation is an ideal candidate for our
new real-time spectrometer sample.

3.5. CMOS Camera

FPA with (5.86 × 5.86) µm pixels. The noise-equivalent temperature difference (NETD)
was approximately 50 mK. The frame rate of the CMOS camera was 155 Hz for the full
image (1920 × 1200), and the frame integration time was programmable from 20 µs to 10 s.

4. Conclusions

In this study, we developed a real-time spectrometer based on a grating system that
operates in the UV/VIS spectrum region. To achieve this, we used a commercially available
UV-enhanced Xenon Arc lamp as a light source due to its wide spectral width that can
cover the UV to NIR range. This setup allowed us to record any changes in the spectral
data of the sample in real time, without having to rotate the grating, by using a CMOS
camera. This camera enabled the simultaneous detection of UV/VIS absorption of analytes
within a single frame in real time.

Before conducting the sample measurement, we performed wavelength calibration
using three laser line filters to convert one axis of the camera pixel to the wavelength. The
pixel–wavelength match data demonstrated a linear relationship between the three laser
line filters. To verify this conversion, we used a didymium glass filter, which is widely used
as a calibration sample in UV/VIS spectrophotometry.

To demonstrate the applicability of this real-time spectroscopic setup for rapid mea-
surements, we conducted a study on the photocatalytic degradation of MB by TiO2 nanopar-
ticles. Four samples with different amounts of TiO2 nanoparticles (1 mg, 2 mg, 3 mg, and
4 mg) showed distinct photocatalytic degradation mechanisms. To observe the real-time
degradation of MB, we plotted the spectra every 20 milliseconds for Sample C, which
exhibited a dramatic peak change within a few seconds. The series of spectra showed the
degradation of MB in real time, providing more details about the degradation mechanism,
such as temporal variation of the degradation rate and peak-to-peak intensity change, etc.

Overall, the use of our real-time spectroscopy setup offers a rapid and efficient method
for simultaneously obtaining valuable spectral and spatial information. Our technique
holds significant potential for a wide range of scientific research, including environmental
science, material science, and biomedical research. By enabling the real-time detection of
all spectral information, our spectroscopy setup can aid in the optimization of photocat-
alytic processes and provide new insights into the underlying mechanisms of complex
chemical reactions.
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