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In photoreactors, non-uniform light distribution leads to regions either with an overabundance of light or
insufficient light irradiation. The integration of light-guiding elements such as waveguides into photocatalytic
reactors has been an emerging approach to improve light delivery. However, traditional waveguides with con-
stant surface properties experience an exponential decay in scattering light intensity under side irradiation. This
reduces the light propagation length and hinders the scale-up potential. In this work, we derive the relationship

between attenuation coefficients with etching time, determine the correlation between etching time and
waveguide location for uniform scattering, and experimentally validate different light scattering profiles by
engineering the surface roughness distribution of waveguides. We apply a dimensionless number, the coefficient
of variation, to characterize the relative light distribution uniformity for gradient-etched, uniform-etched, and
unmodified waveguides. Scattering light uniformity via gradient etching is more than 13 times higher than that
for uniform-etching. In addition, the light distribution for gradient etching exhibits improved uniformity than
other approaches, such as tip coating, physical carving, and engineered pillars. We then evaluate the effect of
different light scattering profiles on photocatalytic activities in a photodegradation test for methylene blue, with
non-etched, uniform-etched, and gradient-etched waveguides serving as internal light-guiding elements.
Gradient-etched waveguides show ~4 times improvement in photodegradation activity over uniform-etched
designs and ~8 times over non-etched configurations. This result underscores gradient etching for waveguides
as a viable approach for precision light delivery to increase the light distribution uniformity, thus enhancing

reaction rates for photocatalytic reactors.

1. Introduction

Photocatalytic reactions have been applied on various occasions,
such as environmental remediation [1-3], photocatalytic CO, reduction
[4-6], light-driven water splitting [7], and solar ammonia synthesis [8],
etc. As the name “photocatalysis™ indicates, light availability is the key
to the efficiency of subsequent photoreactions. Uneven light distribu-
tion, therefore, is one of the challenges affecting photoreactors’ per-
formance: an overabundance of light leads to wasted photon energy due
to the saturated photocatalytic reaction, and insufficient light irradia-
tion cannot penetrate through the catalyst film and result in optically
dark regions; thus catalyst is being underutilized [9-13].

The integration of light-guiding elements (e.g., waveguides) has
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proved to improve light distribution (thus better photon utilization) [12,
14-18]. Waveguides can either serve as support structures for directly
coating catalyst materials [17,19,20], or as internal illuminators for
introducing scattered light to catalyst particles coated on other surfaces
(e.g., in amonolith) [21-23]. However, light scattering intensity follows
an exponential decay under side irradiation for waveguides with uni-
form surface properties (i.e., constant attenuation coefficients) [24]. The
exponential intensity decay reduces the light propagation length and
hinders the scale-up potential for photocatalytic reactors [25,26]. Thus,
there is an urgent need to engineer the surface roughness distribution of
waveguides to increase light scattering and its uniformity. Researchers
attempted several physical and chemical approaches to modify the
waveguide properties for enhanced light scattering by introducing
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surface scatterers (e.g., engineered pillars) [10,27,28], applying back-
scattering (e.g., dip coating) [21,29], and creating surface cracks (e.g.,
sandblasting, physical carving, chemical etching) [4,11,21], etc. Engi-
neered pillars could enhance light emission and increase light distribu-
tion uniformity, but this process required complex equipment such as
the contact aligner system [27,28]. Backscattering by tip coating could
improve the amount of light scattering but would not affect light
transmission uniformity [21]. Introducing surface cracks to waveguides
was proved to increase scattering while increasing catalyst adhesion
affinity [30]. A variety of techniques could create surface cracks:
sandblasting [4], physical carving [21], and chemical etching [11], etc.
Physical carving for waveguides usually involves a tedious manual
process. Thus parameters affecting the surface engineering accuracy and
consistency are hard to control. While sandblasting can be automated, it
could only generate a uniform distribution of surface roughness along
the waveguide. Compared with sandblasting and physical carving,
chemical etching can be easily programmable to achieve a gradient
distribution of surface roughness, thus offering the potential for
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precision control of waveguide surface engineering to enable uniform
light scattering.

In this work, we presented gradient etching as a viable approach to
precisely control the surface roughness distribution of waveguides for
achieving uniform light scattering. We first established the relationship
between attenuation coefficients with etching time. We then built a
programmable etching set-up to apply various etching profiles to
different waveguides. The light scattering behaviors for these wave-
guides were later characterized with a custom-built platform that could
achieve automatic and continuous light measurement. We then exam-
ined the relative light distribution uniformity for waveguides etched by
different configurations via a dimensionless performance metric. We
compared it with other state-of-the-art approaches to increase light
scattering uniformity. The effect of varying light scattering profiles on
photocatalytic activities was validated in a photodegradation test for
methylene blue, with non-etched, uniform-etched, and gradient-etched
waveguides serving as internal light-guiding elements.

Fig. 1. (a) Schematic diagram of the linear-slider-
based set-up for continuous scattering light measure-
ment. Sizes are not to scale. Data collection on the
computer is not shown for clarity. (b) Zoomed-in view
for the photodiode power sensor. The aperture in-
troduces scattering light to the photodetector. (c) Three
stages of the gradient etching process: initialization,
insertion, and withdrawal. The quartz waveguide
moves with the linear slider under the control of an
Arduino board. The Arduino board and other compo-
nents are not shown for clarity.

Stepper
motor
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2. Materials and methods
2.1. Design of light measurement and controlled etching systems

An optical power detector (Thorlabs) was attached to the linear
slider. The motion of the linear slider was controlled by a stepper motor
driver connected to an Arduino board (Fig. 1a). A rubber aperture was
applied to collect only the scattering light from the adjacent waveguide
to the photodetector (Fig. 1b). During the measurement, the glass rod
was illuminated by a light-emitting diode (LED) operated at 30 W from
the end. The light sensor coupled with the rubber aperture moved from
one end of the glass rod to another to collect the scattering light auto-
matically and continuously. The scattering light power was recorded by
the analog power meter connected to the sensor, , and its intensity was
then calculated by dividing the scattering light power by the area of the
rubber aperture. The light measurement set-up’s right side view and top
view were presented in Fig. Sla and Fig. S1b, respectively.

The waveguides were fabricated from fused quartz rods (Technical
Glass Products) and treated with a glass etchant (Armor Products). The
quartz waveguides were 3 mm in diameter and were cut to desired
lengths with a glass cutter. The etchant is a solution of sodium bifluoride
and ammonium bifluoride in water. The controlled etching process in-
cludes three stages: initialization, insertion, and withdrawal (Fig. 1c).
An Arduino board was programmed to control the linear slider to ach-
ieve different withdrawal speed at various locations for the etched
waveguide.

2.2. Model development for uniform scattering

It is well established that in a homogeneous longitudinal waveguide,
one would expect to get an exponential decay in the intensity of the
illumination remaining in the waveguide [26].

L0a(2) = Lipue™ ™ 1)

where I,q (2) represents the amount of light remaining in the glass rod at
any axial position 2; Iinp, is the amount of light that enters the rod at the
tip (z = 0); and « is the attenuation coefficient. It depends on the optical
and physical properties of the rod core and the surface coatings, if any.

If we assume the primary loss of light transmission in a glass rod is
through scattering from the surface, then the relationship between the
light scattered out of the rod, I’scaser (2), and the light remaining in the
rod, Ir,q (2), is given by [25].

/ dla(z
o) = -2 @

Substituting the expressions of I,,q () from (1) into (2) gives

d [Iinpureiaz}
dz

’

I.\cuner(z) = = aI[npmei(lz = aImd(Z) 3)

This proves that the ratio between the amount of light scattering out of
the rod and the light remaining in the rod is a constant at any position z,
where a represents the localized surface property, the attenuation co-
efficient, and can be expressed as a(z). Since uniform-etched rod has
uniform surface properties, thus a(z) is a constant under uniform
etching. One could expect the light scattering to follow an exponential
decay profile along the light transmission.
To achieve uniform scattering, I’scqier (2) needs to be a constant:

7 /

I.\'r:a[[er (Z) =1 uniform (4)

Substituting (4) into (2), then I, (), the amount of light remaining in
the rod at position z becomes:

7

Liq (Z) = Impm - Ium‘ﬂ,ymz (5)
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This proves that to achieve a uniform scattering profile in the radial
direction (i.e., constant I’scquer), We need to engineer a linear decay
profile for I,q (2), the light transmission in the axial direction.

By substituting (4) and (5) into (3), the ratio between the amount of
light scattered out and the amount remaining in the rod, a(z), is given
by:

, ,
(I(Z) o 1 x(‘aller(z) o 1 wniform o 1 6)
Irazl(z) Iinpm -TI uniform%

T

T uniform

This proves that a(z) increases as z rises: indicating a smoother rod
surface (lower a) closer to the light source and a rougher rod surface
(higher ) further from the light source to achieve uniform scattering. It
also proves that under a constant Iy, if uniform light scattering in-
tensity (I'uniform) is high, then a(z) is high, indicating a shorter distance
for light transmission.

Eq. (6) establishes the relationship between attenuation coefficient
(@) with rod position (z) through a(z). Attenuation coefficient (a), on the
other hand, can be controlled by changing etching time (¢) through the
function of a(t). By equaling a(z) and a(t), we will be able to drive t(z).
This provides a practical method to apply different etching time (t), thus
different attenuation coefficients (@), for various positions of the rod (z).

To determine a(t), we uniformly etched glass rods (diameter: 3 mm,
length: 130 mm) for 6 different time intervals: 10, 20, 30, 40, 50 and 60
min, respectively. The attenuation coefficients for different etching time
were then determined by exponentially fitting the scattering intensity
profiles.

2.3. Design of a photocatalytic system based on surface-engineered glass
waveguides

The photocatalytic system was constructed with a waveguide-
coupled 250 mL glass flask (McMaster-Carr), with a 380 nm UV LED
(Chanzon) serving as the light source from the top (Fig. S4b). The LED
was set to operate at 30 W by a power control (BK Prevision), and a fan
was kept on to take away excess heat by the LED.Light was only intro-
duced into the solution by the waveguide, with the rest of the LED
covered by an aluminum foil, so that no additional heat was introduced
to the solution. The solution was maintained at room temperature at
~20 °C throughout the tests, as confirmed by temperature measure-
ments of the solution after certain time intervals. An external light
shielding covered the whole system with aluminum foil during photo-
catalytic tests. A magnetic stirrer hot plate mixer (Microyn) agitated
continuously to achieve a homogeneous environment. For each photo-
degradation test, 0.25 g of TiO catalyst in rutile phase (US Research
Nanomaterials) was added to a 250 mL methylene blue solution with an
initial concentration of 5 x 10 M. The photodegradation efficiencies
using different waveguides were compared after 1 h of irradiation. The
degradation percentage was determined by analyzing its absorbance at
670 nm by an Ocean Optics HR4000 high-resolution fiber optic spec-
trometer (Fig. S4a). The spectrometer measured absorbance levels, and
these values were correlated with their respective concentrations by a
pre-defined calibration curve (Fig. S5).

3. Results and discussion
3.1. Relationship between attenuation coefficient and etching time

Under different etching durations, light scattering yielded different
decay profiles, indicating different attenuation coefficients for the
waveguide surface (Fig. 2a). The unstable scattering profile in the first
10 min could result from the non-uniform surface properties and initial
cracks on the waveguides. After 10 min of etching, the attenuation co-
efficient was still low, which could be explained by the chemical re-
action’s initialization process between the etchant and rod surface. On
raising the etching time from 10 min to 20 min, the attenuation
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Fig. 2. (a) The change of relative scattering intensities versus the distance from the rod tip, under different etching durations (10 min, 20 min, 30 min, 40 min, 50
min, 60 min). As etching time increases, light scattering intensities decay faster. (b) The change of attenuation coefficients under different etching time. The gray
square denotes the measured attenuation coefficients during experiments, and error bars represent the standard deviation calculated from three measurements. The
blue line indicates the fitted coefficients using an error function. All experiments were conducted three times, and error bars were included only in (b) for clarity (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

coefficient increased from 0.020 to 0.057 mm''. Along with the 2.8-fold
increase in surface roughness, the scattering intensity distribution also
became smoother, indicating more uniform surface properties. As the
etching time rose to 30 min, the attenuation coefficient reached 0.095
mm’!, around a 5-fold increase compared with that for 10 min, indi-
cating a rapid growth for surface roughness during this period. From 30
min onward, the attenuation coefficient growth slowed down, with only
a ~20% increase in the first 10 min interval and a ~5% increase in the
second 10 min interval (Fig. 2b).

The surface roughness (i.e., attenuation coefficient) stabilized after
50 min of etching, evidenced by the fact that the curve for 50 min almost
overlapped that for 60 min (Fig. 2a), and the attenuation coefficients for
both 50 min and 60 min were close to 0.120 mm'! (Fig. 2b). The slow-
fast-slow increase in attenuation coefficients resembled the shape of
an error function, and the following fitting yield an R? value of 0.99,
indicating a good correspondence:

a(t) = C* erf [m (t — t/m]/)} + Qpalf (7)
where the values of constants were determined from the fitting function:
¢ =0.062 mm™, m = 0.062 mm, tng = 20.56 min, apgr = 0.06 mm™.

3.2. Relationship between etching time and rod position

Eq. (6) proves the feasibility of generating a uniform light scattering
distribution by engineering a gradient distribution of attenuation co-
efficients: a lower attenuation coefficient (i.e., lower etching time)
closer to the light source and a higher attenuation coefficient (i.e.,
higher etching time) further from the light source. Considering the un-
stable scattering in the initial stages of etching Fig. 2a), the lowest
etching time was set as 7.5 min through trial-and-error; thus, the
attenuation coefficient at the tip (z = 0) is determined as 0.014 mm’!
from Eq. (7). The etching time as a function of rod position t(2) is ob-
tained by equaling a(z) and a(t), by combining Eqgs. (6) and ((7):

=cxerf [m (t — thalf)] + Xy 8)

Tin
put
T

I uniform

By solving this equation, the corresponding etching time as a function of

location is:

1(z) = erfinv ()

T

= Qpaif /C /m"rfhalf
-z

where the values of constants were the same as those in Eq. (7).

We plotted t(z) with the initial etching time of 7.5 min at the tip
(Fig. 3a). One should note that a lower initial etching time (i.e., lower
attenuation coefficient) at the rod tip leads to a lower value for the
uniform light scattering intensity (I'ufrm), thus a longer distance for
light scattering under a constant Iy, Therefore, a potential method to
scale up the uniform scattering distance through gradient etching is to
apply a shorter initial etching time for the tip, indicating the necessity
for using waveguides with fewer initial surface cracks. If the initial rod
surface is very uniform, we could apply a shorter initial etching time for
the tip. This way, the maximum distance of uniform etching can be
enlarged. The governing function for gradient etching, Eq. (9), was then
realized through Arduino coding, as detailed in the flow chart (Fig. 3b).

I uniform

3.3. Uniform light scattering for gradient-etched waveguides and
comparison with state-of-the-art activities

Light scattering exhibited different behaviors for gradient-etched,
uniform-etched, and non-etched waveguides (Fig. 4a). The overall
photon energy can be estimated by integrating the light intensities over
the transmission distance. Compared with etched rods, non-etched ones
almost had no light scattered out from the sides, proving the necessity
for surface modification of waveguide-based systems. The overall
photon energies along the whole waveguides were at similar levels for
gradient-etched and uniform-etched rods, as indicated by their similar
areas below the light distribution curves. This result underscores that
while gradient etching did not change the overall photon energy, it
enabled a more uniform photon energy distribution along the whole
waveguide.

By applying different etching time to various locations of the
waveguides, we formed a gradient distribution of surface roughness (i.
e., attenuation coefficient), thus uniform light scattering profiles. We
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Fig. 3. (a) Etching time (¢) as a function of the distance from the rod tip (2). The attenuation coefficient at z = 0 is set as 0.014 mm''. The etching time as a function of
rod position t(z) is obtained by equaling a(z) and a(t). (b) Flow chart of the gradient etching process. The Arduino board controls the motion of the linear slider,

which enables controlled etching for waveguides.

then applied the coefficient of variation (CV), a ratio of the standard
deviation to the mean [31], to characterize the relative light distribution
uniformity of different light scattering profiles.

For the 1 h uniform-etched rod, the CV for light intensity distribution
was calculated to be 1.64 (Fig. 4a). The homogeneous surface properties
under uniform etching led to exponential decay in scattering intensity
distribution (Fig. 4b). For the gradient-etched rod, the scattering in-
tensity was averaged as 3.0 W m2, with a slight increase towards the
end, possibly due to tip light reflection (Figs. 4a, S2a). The CV was
calculated as 0.12, a value more than 13 times lower than that of the
uniform-etched rod (1.64), indicating an enhanced uniformity by at
least 13 times. The uniform light distribution resulted from the gradient
surface roughness distribution: a smoother surface closer to the light
source and a rougher surface to the end (Fig. 4c). The etching time for
the two ends for the gradient-etched rod was close to 7.5 min and 40
min, respectively, which accounted for the relatively lower surface
roughness than under 1 h uniform etching (Figs. 4c, S2b). A zoomed-in
comparison between different scattering decay profiles reveals that
gradient etching significantly improved the photonic transport effi-
ciency than non-etched rods (Fig. S2c¢) [1]. For the latter, the differences
in refractive indexes between the quartz rod (n; = 1.5) [2] and air (ny =
1.0) [32] led to the dominant total internal reflection, and only a tiny
amount of evanescent light was emitted. We envision advanced surface
characterized techniques, such as the atomic force microscope (AFM),
could be promising in guiding precision surface control.

A detailed comparison of light scattering profiles for the current
study and the state-of-the-art methods for uniform light scattering by
waveguides is summarized (Table S1). We compared gradient etching
with tip coating, physical carving, and the adoption of engineered pil-
lars. For the present study, the change in scattering intensity after half-
length for the gradient-etched and 1 h uniform-etched rod was 11.3%
and 97.4%, respectively. The coefficient of variation was 0.12 for the
former and 1.64 for the latter. The result of uniform etching in the
current work is comparable to a previous study [22]. They applied
quartz optic fibers into an internal-illuminated monolith photoreactor
and studied the sidelight emission properties. After half-length, the

intensity change for 0.5 mm outer diameter (OD), 1.0 mm OD, and 1.5
mm OD fibers was 97.0%, 92.8%, 86.6%, respectively. The coefficients
of variation for the three conditions ranged from 1.21 to 2.02. Tip
coating was studied by Liou et al. [21] as an approach to enhance
scattered light amount but would not affect the light distribution uni-
formity (CV was ~0.53 before and after tip coating). They also studied
the effect of different carving configurations on the scattering light
distribution. They found that carving from the middle with increased
depth could not only help slow down the intensity decay (49.3% in-
tensity decrease after half-length with carving, compared with 66.2%
decrease after half-length without carving), but also facilitated better
light distribution (CV was 0.41 with carving, and was 0.53 without
carving). However, the best uniformity achieved by physical carving
was still more than 3.4 times lower than the gradient etching approach
described in the current study. We also compared with applying uniform
engineered pillars for waveguides. The CV values calculated for four
measurements by the engineered pillar approach ranged between 0.63
and 0.94 [27]. These were all still less uniform than the gradient etching
method presented herein, not to mention the high cost and complex
equipment (i.e., the contact aligner) involved in applying engineered
pillars.

3.4. Photodegradation activities for surface-engineered waveguide-based
photocatalytic system

Fig. 5 shows a comparison of the methylene blue photodegradation
activities for the photocatalytic system with non-etched, 1 h uniform-
etched, gradient-etched waveguides. Compared with uniform-etched
rods, gradient etching showed a ~4 times improvement in degrada-
tion after 1 h of UV irradiation. We attributed this to the improved light
distribution uniformity by gradient-etched designs (Fig. S2b). Moreover,
the gradient-etched rod-based system exhibited a ~8 times higher
photodegradation rate than non-etched systems. This further verified
the need to engineer surface roughness distributions for waveguide-
based photocatalytic systems. The microscopic morphology of the
catalyst material is shown in Fig. S3. We should note that while the
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current study only examined the application of surface-engineered
waveguides for room-temperature photodegradation of methylene
blue, we have previously [4] validated that waveguide-based systems
could also work for high-temperature applications such as gas-phase
photocatalytic reduction of CO,. With the incorporation of waveguide
surface engineering demonstrated here, we envision the photocatalytic
efficiency can be further increased. Since waveguides are made of quartz
(Si02) with a melting point of ~1700 °C, those systems can well with-
stand harsh operating conditions (pressure and temperature), as long as
other components (e.g., reactor body, connecting tubes) are made of
suitable materials that can work under those conditions.

Here, we used methylene blue photodegradation as a simple case
study to prove that waveguide surface engineering enabled uniform
light distribution, leading to improved performance for a photocatalytic
system. More photocatalytic tests need to be conducted to guide wave-
guide engineering. Some future directions include how various factors
such as light irradiation orientations (e.g., top illumination, side illu-
mination) and irradiation methods (e.g., LEDs, direct use of solar) will
affect the waveguide system design.

4. Conclusions

In summary, we successfully built two low-cost linear-slider-based
platforms for continuous light measurement and controlled chemical
etching. We applied different etching durations to different waveguide
locations so that a gradient surface roughness distribution was forged for
uniform light scattering. The coefficient of variation comparison vali-
dated gradient etching as a valid method to increase light distribution
uniformity, with improved performance compared with state-of-the-art
approaches (e.g., tip coating, physical carving, engineered pillars, etc.).
We also evaluated the effect of different waveguide configurations in a
photocatalytic test for methylene blue degradation. Photodegradation
activity with gradient-etched waveguides was ~4 times higher than
uniform-etched designs and ~8 times higher than non-etched ones. This
study underscores controlled surface etching for waveguides as a viable
approach for concurrently optimizing light delivery and catalyst avail-
ability to maximize photocatalytic reaction rates.
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