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Abstract  

Traditional photocatalysis often employs TiO2 for its affordability and safety, but its large 

bandgap (>3 eV) limits solar absorption to under 5%. Plasmonic materials serve as sensitizers to 

expand absorption into the visible and near-IR spectrum while generating localized 

electromagnetic fields, hot carriers, and heat to boost catalytic efficiency. While noble metals have 

been extensively studied for visible light absorption, their high cost and poor oxidative stability 

have spurred interest in alternative plasmonic materials. Transition metal nitrides, such as TiN, 

ZrN, and HfN, offer strong absorption in the visible and near-IR regions and are cost-effective. In 

this study, TiN, ZrN, and HfN were combined with traditional P25 TiO2 to yield composite 

materials and their photocatalytic activity was evaluated by monitoring rhodamine B dye 

degradation. Under optimized conditions and 100 mW cm-2 illumination, degradation efficiencies 

of 96, 71, and 99% were observed for TiN/TiO2, ZrN/TiO2, and HfN/TiO2, respectively. Reaction 

temperature and power density studies allude to reaction efficiency enhancement due to a hot 

carrier driven process in TiN/TiO2 and ZrN/TiO2 systems. In the case of HfN/TiO2, photothermal 

contributions are likely to be significant.  
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Introduction 

Plasmon-enhanced photocatalysis converges the fields of nanotechnology, material 

science, and photochemistry, aiming to improve the efficiency and applicability of photocatalytic 

processes. It has been explored for degrading organic pollutants and pathogens in water and air,1,2 

hydrogen production through water splitting,3 conversion of carbon dioxide into value-added 

hydrocarbons,4 nitrogen reduction to ammonia,5 among others.6 The fundamental principle of 

plasmon-enhanced photocatalysis is the exploitation of localized surface plasmon resonance 

(LSPR). When plasmonic nanoparticles (NPs) are exposed to light of specific wavelengths, their 

conduction electrons oscillate collectively, creating an intense electromagnetic field at the particle 

surface. This phenomenon, known as LSPR, leads to several beneficial effects that enhance 

photocatalytic activity as outlined below.  

Plasmonic materials often absorb in the visible and near-IR regions of the electromagnetic 

spectrum thus acting as sensitizers for the photocatalyst and enhance their light absorption 

capability.7 The intense electromagnetic fields generated by LSPR can boost the generation of 

electron-hole pairs necessary for driving photocatalytic reactions.8 Additionally, the decay of 

LSPR results in the production of highly energetic "hot" electrons, which can be injected into the 

conduction band of an adjacent semiconductor photocatalyst, thus increasing the number of charge 

carriers available for chemical transformations and enhancing charge separation.9 Plasmonic NPs 

can also enhance photocatalytic processes through near-field enhancement, where the 

electromagnetic field around the photocatalyst is significantly increased, leading to higher reaction 

rates.7,10 The absorbed light can be converted into heat through non-radiative decay of plasmons. 

This photothermal effect increases the local temperature around the photocatalyst, which can 

increase reaction rates according to the Arrhenius equation.11,12 Plasmonic NPs can scatter the 
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incident light, extending the optical path length within the photocatalytic material and thus 

increasing the probability of light absorption.7 While there are multiple pathways through which 

photocatalytic efficiency can be enhanced, understanding the intricate mechanisms at play can be 

challenging.  

Plasmonic metals such as Au, Ag, Cu, Al, Ni, Pt, Pd and Ru have been integrated with 

semiconductors to improve their photocatalytic performance.13–15 However, the high cost, low 

abundance, and chemical instability of commonly used metal nanoparticles remain a hurdle and as 

such interest in the use of alternative plasmonic materials has expanded in the recent years. 

Refractory materials, like transition metal nitrides (TMNs), have received significant interest due 

to their tunable optical properties and high thermal and chemical stability.16,17 Among these TiN 

is the most explored and has been used to enhance the rates of water splitting,18–21 CO2 

reduction,22,23 and organic degradation and transformation reactions.24–28 The related group IV 

nitrides, ZrN and HfN are less explored, but few studies exist showing their ability to enhance 

photocatalytic activity in energy applications.29–31 Most studies reported to date involving group 

IV plasmonic nitrides propose an improvement in the photocatalytic activity due to sensitization 

and hot carrier injection driven pathways. However, studies performed by Zhao et al. showed that 

25% of the enhancement in hydrogen production with their TiN/TiO2 catalyst resulted due to 

photothermal effects.20 Ru decorated TiN nanotubes have been successfully applied for 

photothermally driven CO2 methanation reaction in the gas phase.28 Given the infancy of the 

nitride plasmonic materials, the enhancement pathways when utilizing these nanostructures remain 

poorly understood. But this knowledge informs the design of more robust and selective catalysts 

for specific reactions.          
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In this study, a systematic evaluation was performed on TMN/TiO2 photocatalysts (TMN 

= TiN, ZrN, and HfN) using rhodamine B (RhB) dye as a model compound. The rate of degradation 

as function of catalyst loading, weight percent (wt%) of TMN, and dye concentration was studied. 

The rate of RhB degradation as a function of light intensity and reaction temperatures was 

investigated to understand the plasmonic enhancement pathway for each TMN on TiO2.   

 

Results and Discussion 

 The plasmonic group IV TMNs were synthesized using a solid-state metathesis method 

reported previously.32 This yielded crystalline TiN, ZrN, and HfN product with a rock salt structure 

as determined by the powder X-ray diffraction (XRD) patterns (Figure S1). Transmission electron 

microscopy (TEM) images showed an average particle size of 22  3, 24  4, and 16  4 nm for 

TiN, ZrN, and HfN, respectively (Figure S2). The absorbance spectra of TMN aqueous dispersions 

(Figure S3) showed LSPR maxima at approximately 795, 600, and 550 nm for TiN, ZrN, and HfN, 

respectively, consistent with previous results.17 The P25 TiO2 NPs with an average particle size of 

23  4 nm (Figure S2) were commercially purchased. Powder XRD analysis (Figure 1A) showed 

the TiO2 NPs to contain both anatase and rutile phase consistent with the literature reports.33 To 

obtain the composite material, P25 TiO2 was combined with predetermined amounts (1, 5, 10, and 

20 wt%) of TMN NPs and annealed at 200 °C for 3 hours under argon atmosphere. The aqueous 

washes from the annealed product were clear indicating that the TMNs were strongly bound to the 

TiO2 NPs. This likely results from condensation of surface hydroxyl groups found on both 

materials.17  

 The powder XRD patterns of the 10 wt% TMN/TiO2 composites show patterns similar to 

P25 TiO2 without discernable nitride reflections (Figure 1A). However, the absorbance spectra of 
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the 10 wt% TMN/TiO2 composite material were significantly different from the parent TiO2 NPs 

(Figure 1B). The composites showed broader absorbance ranging from near-UV to near-IR with 

HfN/TiO2 having the highest absorbance followed by ZrN/TiO2 and TiN/TiO2. In contrast, the 

TiO2 NPs exhibited strong absorbance only below 425 nm. This is further evident from the 

photographs of the composite powders which appear blue to greyish color whereas TiO2 NPs are 

white (Figure 1B inset). 

 

Figure 1. (A) Powder XRD patterns and (B) absorbance spectra of the pure P25 TiO2 NPs and 10 

wt% TMN/TiO2 composites. (C) High resolution TEM images of the 10 wt% TMN/TiO2 

composites.   

 

 The high-resolution TEM images of the composite material showed TMNs adjacent to 

TiO2 particles as shown in Figure 1C. The d-spacing for TiN (200), ZrN (111), HfN (111), and 

TiO2 (101) planes were determined to be 0.21, 0.25, 0.27, and 0.36 nm, respectively, which is 
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consistent with previous reports.34–36  The elemental maps of the P25 TiO2 and pure TMNs showed 

the presence of respective transition metals along with N and O (Figure S4). The average O content 

in TMNs was determined to be 21% (TiN), 20% (ZrN), and 11% (HfN) using energy-dispersive 

X-ray spectroscopy (EDS) analysis (Table S1), which is due to the surface oxidation of the NPs.17 

Surprisingly, ~5% N impurity was present in the P25 TiO2 sample which was not indicated by the 

supplier (Table S1).  The optical gap of 3.05 eV as estimated from Tauc plot (Figure S5) which is 

slightly smaller than the typically reported values of 3.15 – 3.2 eV reported for P25 TiO2.
37 We 

hypothesize this is likely due to the presence of N impurities.38 The elemental maps of the 10 wt% 

TMN/TiO2 composites (Figure 2) showed uniform distribution of the N and O. While the Ti metal 

in TiO2 and TiN cannot be separated, Zr and Hf metals were found along with TiO2 indicating that 

they are likely attached. The relative concentration of each element is summarized in Table S2.     

 

Figure 2. High-angle annular dark-field (HAADF) images and elemental maps of 10wt% 

TMN/TiO2 composites where TMN are TiN, ZrN, and HfN. The scale bar in the images correspond 

to 50 nm.   
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 To understand the photocatalytic performance of TMN/TiO2 composites, RhB dye was used 

as a model system as its degradation has been well studied in the literature.39 Premeasured amount 

of the photocatalyst was suspended in aqueous solution of the RhB dye and allowed to stir in dark 

for 30 minutes to establish adsorption-desorption equilibrium (i.e., “light off” region in Figure 

3A). After 30 minutes, the reaction was illuminated with a broadband ThorLabs SOLIS LED 

source (400 – 800 nm) adjusted to a power of 100 mW cm-2. The degradation was monitored by 

measuring the absorbance maximum of the dye (Figure S6) and comparing it with a calibration 

curve.40 In the presence of 10 µM RhB dye and 1 mg mL-1 photocatalyst, the P25 TiO2 NPs by 

themselves showed 50% degradation after 50 minutes of light exposure (Figure 3A). Given the 

low absorbance of the TiO2 NPs in the visible and near-IR range, it is unsurprising that it had the 

lowest activity. Among the 10 wt% TMN/TiO2 composites, the HfN/TiO2 had the highest activity 

where >99% of dye degradation was observed after 50 minutes of illumination (Figure S7). In the 

same time frame 10 wt% TiN/TiO2 and ZrN/TiO2 showed 95 and 70% degradation, respectively. 

The TMNs by themselves at similar catalyst loading (i.e., 1 mg/mL) and 10 µM RhB concentration 

showed 43, 39, and 46% degradation for TiN, ZrN, and HfN, respectively, after 50 minutes and 

100 mW cm-2 illumination power. The degradation observed with the pure TiO2 and TMNs are all 

lower than the composite materials. Control experiments were also performed by simply adding 

10 wt% of TMN and TiO2 (i.e., unannealed samples) to the catalytic mixture. This showed 40, 31, 

and 43% RhB degradation for TiN, ZrN, and HfN, respectively after 50 minutes of irradiation. 

This confirms that the formation of a heterojunction and synergistic effects of TiO2 and TMN 

together, results in enhanced photocatalytic activity. The kinetics of the dye degradation was 

analyzed and showed best fit (i.e., linear relationship) to the first-order reaction rate (Figure S8). 
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As expected, HfN/TiO2 had the highest rate constant with a k1 value of 0.117 min-1, followed by 

TiN/TiO2 (0.072 min-1), ZrN/TiO2 (0.032 min-1), and finally TiO2 (0.005 min-1), which showed the 

lowest photodegradation. 

 

 

Figure 3. A) Photocatalytic RhB degradation profile in the presence of pure P25 TiO2 and 10wt% 

TMN/TiO2 photocatalysts under 100 mW cm-2 illumination. B) The percent degradation of RhB 

dye over 50 minutes of illumination in the presence of 1 – 20 wt% TMN/TiO2 photocatalysts.  

  

 Since HfN/TiO2 showed the highest photocatalytic activity among all three TMN/TiO2 

composites, it was used to study the effect of dye concentration and catalyst loading on RhB 

degradation. As shown in Figure S9, the concentration of RhB impacted the catalytic activity, as 

near complete degradation (>99%) was observed after 50 minutes when using a 10 μM solution, 

whereas only 30% degradation was achieved when using a higher dye concentration of 50 μM. 

The inverse relationship between degradation efficiency and initial RhB dye concentration is likely 

due to the absorption of the incoming irradiation by the dye.41 As fewer photons become available 

for the photocatalyst to absorb, fewer electron-hole pairs are generated, limiting photo-degradation 

of RhB. Further, an increase in dye concentration generates a scarcity of active sites available, 
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leading to a decrease in degradation capacity.42 To understand the dependence of degradation 

efficiency on the amount of catalyst present in the reaction mixture, trials were run with 10% 

HfN/TiO2 loadings ranging from 0.25 – 4 mg mL-1, keeping the solution volume constant at 5 mL. 

As seen in Figure S10, the degradation efficiency increases with the catalyst concentration 

reaching a maximum at 1 mg mL-1. After that the activity begins to decrease as more catalyst is 

added. This trend is commonly observed in photocatalytic studies, as more electron-hole pairs are 

available with more catalyst present. However, as the catalyst loading increases, the particles can 

begin to aggregate in solution and scatter the incoming irradiation thus decreasing efficiency.42  

 The effect of TMN amounts in the composite photocatalyst was also investigated, as the 

plasmonic enhancement capability and pathway can be dependent on its concentration.1 As shown 

in Figure 3B, both TiN and HfN had relatively similar trends when the wt% loading was increased 

from 1 to 20%. At 1 wt% loading, moderate degradation (~50 – 60%) of RhB dye was achieved, 

which increased to around 70% with a loading at 5 wt%. Over 95% of the RhB dye degradation 

was achieved at 10% TiN/TiO2 and HfN/TiO2 loading making it the optimum composition for TiN 

and HfN. However, the degradation performance plummeted for both TiN (35%) and HfN (15%) 

when the loading was further increased to 20 wt% TMN/TiO2. ZrN/TiO2 heterostructures exhibited 

a different behaviour in which highest catalytic activity (i.e., 94% degradation) was observed at 1 

wt% loading and the performance decreased with higher ZrN loading. 

 Plasmonic materials in conjunction with a semiconductor can enhance the photocatalytic 

performance through multiple pathways which include, increasing light absorption, hot carrier 

injection and improved charge separation, by increasing reaction temperature, and/or via energy 

transfer mechanisms.1–3,43  In the case of TMNs, the dominant catalytic efficiency enhancement 

pathway proposed to-date involves the transfer of hot-carriers.31,44,45 Group IV TMNs form an 
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Ohmic contact with TiO2 whereas most noble metals create a Schottky junction.46 Previous studies 

performed on TiN/TiO2 systems have proposed such a junction to be beneficial as it allows for the 

transfer of both the hot electrons and cold electrons from the interband transitions in TiN to TiO2.
45 

Further, the broad absorbance of TMNs allows collection of more photons across the solar 

spectrum. Similarly, studies performed on HfN/TiO2 system have proposed that hot electrons can 

be transferred from HfN to TiO2 to improve the catalytic activity.31,47 TMNs are also very well 

known for their photothermal properties,16 however, the role of heat in photocatalytic systems 

involving TMN and semiconductor junctions have not been explored in most studies. In plasmonic 

photocatalytic reactions facilitated by hot carriers, the rate of chemical reaction is directly 

proportional to the rate of incoming photons and, consequently, to the power of the light striking 

the sample.48 Therefore, a linear relationship is expected between the two. In a photothermal 

process, the reaction rate follows Arrhenius-type temperature dependence and exhibits a non-linear 

and specifically exponential relationship with the illumination power.48 Attempts were made to 

understand the plasmonic enhancement mechanism in group IV TMN/TiO2 composites by varying 

illumination intensity and monitoring the reaction temperature.  
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Figure 4. The reaction rate versus illumination power fit to (A) linear and (B) exponential models 

for RhB degradation in the presence of TMN/TiO2 photocatalysts. (C) Reaction temperature 

profile under 100 mW cm-2 illumination and (D) maximum reaction temperature achieved at 

various illumination intensities when using 10wt% TMN/TiO2 photocatalysts.  

  

 Based on the absorbance data, all three TMN/TiO2 composites exhibited higher light 

absorption in the visible and near-IR region compared to the P25 TiO2 (Figure 1B). This 

sensitization leads to higher concentration of excited electrons that can drive chemical process. 

The degradation rate of RhB dye was monitored using TMN/TiO2 photocatalysts under varying 

incident light power. Data were fit to both linear (Figure 4A) and exponential (Figure 4B) models. 

The 10 wt% TiN/TiO2 composite exhibited a good linear fit between the reaction rate and incident 
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power and an even better exponential fit based on the R2 value. The 10 wt% HfN/TiO2 composite 

showed a better exponential fit. However, the 10 wt% ZrN/TiO2 samples demonstrated poor 

correlation with both linear and exponential models in relating reaction rate to illumination power. 

The reaction temperature was monitored during photocatalysis (Figure 4C). All TMN-containing 

photocatalysts showed a greater temperature increase compared to the pure P25 TiO2 catalyst, 

which exhibited minimal temperature change (<2 °C). Notably, although the TiN/TiO2 system had 

the highest R2 value for the exponential fit indicating a photothermally driven process, it displayed 

the least temperature rise across all illumination intensities (Figure 4D). This suggests that the 

enhanced photocatalytic activity in TiN/TiO2 is likely driven by the transfer of hot carriers rather 

than photothermal effects. The limited range of light intensities used in this study restricts the 

ability to clearly distinguish between photothermal and photochemical contributions as observed 

previously.48 In contrast, the HfN/TiO2 composite exhibited the highest temperature increase under 

all illumination powers (Figure 4D) and a stronger exponential relationship between reaction rate 

and incident light intensity. This indicates that the photothermal effect likely plays an important 

role in the photocatalytic process involving HfN/TiO2. Previous calculations have shown that the 

excited electrons in HfN NPs thermalize extremely quickly (in 250 femtoseconds) which likely 

does not allow them to be harvested efficiently by TiO2.
49 The RhB dye solution was heated to 70 

°C to mimic the bulk temperature achieved under 200 mW cm-2 illumination with the HfN/TiO2 

system, however, only ~30% degradation was achieved. This suggests that the bulk reaction 

temperature is not reflective of the photocatalyst surface temperature where the dye is adsorbed, 

or it is both the hot carrier transfer and heat that contribute towards the RhB degradation in the 

HfN/TiO2 system.50  
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 The 10wt% ZrN/TiO2 had a poor linear and exponential fit, therefore, to better understand 

the system, the best performing composition (i.e., 1wt% ZrN/TiO2) was analyzed (Figure 4A and 

B). The 1wt% ZrN catalyst showed similar behavior to the 10wt% TiN suggesting similar 

enhancement pathways. In systems containing Au and Ag nanostructures, it has been shown that 

electrons injected into TiO2 from one plasmonic structure can be transfer into adjacent plasmonic 

particle at higher loadings leading them to recombine with holes.51,52 This can lead to a decrease 

in photocatalytic activity as observed in the 10wt% ZrN/TiO2 system.53 The temperature increase 

in this system was greater than TiN but remained significantly below HfN based photocatalysts 

especially at higher illumination power (Figure 4D). Based on the reaction temperature changes, 

it is likely that the photocatalytic efficiency enhancement observed in the TiN and ZrN containing 

composites is predominantly driven by efficient hot-carrier transfer.  

 

Conclusions 

Group IV TMN/TiO2 composite photocatalysts were synthesized using a simple, low-

temperature annealing method. The RhB dye was used as model compound to understand the effect 

of TMNs on the photocatalytic behaviour of TiO2. All the TMNs improved the light absorption 

capability of the parent P25 TiO2 with HfN and ZrN being much higher than the TiN. Lower 

loading of ZrN (1 wt%) was sufficient to achieve >99% dye degradation in 50 minutes whereas 

higher loadings (10 wt%) was required for HfN and TiN. The 10wt% HfN/TiO2 showed significant 

increase in the reaction temperature when suspended in water and a good exponential relationship 

between reaction rate and illumination power, indicating that the degradation is likely thermally 

driven. While the 1wt% ZrN/TiO2 and 10wt% TiN/TiO2 showed a good linear and exponential 

relationship between the reaction and illumination power, based on the temperature changes 
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observed, the catalytic process is likely dominated by the electron injection from plasmonic 

material into the TiO2 NPs and improved carrier separation.  

 

Experimental Section 

Materials. Titanium dioxide (TiO2, 99.9%, 18 nm), zirconium dioxide (ZrO2, 99.95%, 20 nm), 

and hafnium dioxide (HfO2, 99.99%, 61-80 nm) and magnesium nitride (Mg3N2, 99% purity -325 

mesh) were purchased from U.S. Research Nanomaterials Inc. Hydrochloric acid (HCl) was 

purchased from Anachemica (12 M, 37%) and sodium hydroxide (NaOH) from Alfa Aesar (98% 

purity). Titanium dioxide (TiO2, P25, 99.5%, 21 nm) and Rhodamine B (95%) were both 

purchased from Sigma Aldrich. Water (resistivity = 18.2 MΩ.cm) from Sartorius Arium Pro 

Ultrapure Water System was used for Rhodamine B stock solutions. 

 

Synthesis of Group IV Plasmonic Metal Nitrides. TMN (M = Ti, Zr, or Hf)) NPs were synthesized 

using a previously reported solid-state reaction.32 Briefly, metal oxide nanopowder (TiO2, ZrO2 or 

HfO2) was ground together with Mg3N2 using a mortar and pestle in a N2 filled glovebox in 1:4 

(metal oxide:Mg3N2) molar ratio. The powder mixture was transferred to a ceramic combustion 

boat which was placed in a tube furnace and heated to 1000 °C at a ramp rate of 10 °C/min and 

held at that temperature for 12 h under flowing argon gas. After cooling the reaction mixture to 

room temperature, the powder was transferred to a beaker and reacted with 1.0 M HCl (25 mL) 

for 1 h to remove MgO by-product and any unreacted Mg3N2. The solution was then centrifuged 

(15 min at 3300 rpm) and the colorless supernatant was discarded. The precipitate was redispersed 

in DI-water and centrifuged again (15 min at 3300 rpm), and the brightly coloured supernatant was 

collected. This step was repeated, and the supernatant was combined with the one from the 
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previous centrifugation step. This combined solution contains dispersible TMN NPs, and the 

precipitate is typically composed of larger TMN aggregates which was discarded. Powders used 

for the synthesis of photocatalyst composites were collected by adjusting the pH of colloidal 

suspensions to ~5 by adding 1.0 M NaOH solution. Previously, this has been determined to be 

point of zero charge and results in precipitation of the NPs which were collected via centrifugation 

(15 min at 3300 rpm) and dried in an oven overnight at 100°C.17  

 

Synthesis of TMN/TiO2 composites. A TMN stock solution of TiN, ZrN or HfN was first made 

by dispersing 20 mg of the nitride NP powder in 100 mL of ultrapure water. For 10% TMN/TiO2 

hybrids, 10 mL of TMN stock solution was added to a vial with 20 mg of P25 TiO2. After 

sonicating for 5 minutes, the solvent was evaporated in an oven at 100°C overnight. The resulting 

powders were then collected and annealed at 200°C for 3 hours under argon atmosphere. To 

synthesize 1, 5, and 20% TMN/TiO2 hybrids the procedure outlined above was used but 200, 40 

and 10 mg of P25 TiO2 was added, respectively.  

 

Material characterization techniques. Powder X-ray diffraction patterns were collected using a 

Rigaku Ultima IV X-ray diffractometer with CuKα radiation (λ = 1.54 Å). The powder samples 

were placed on to a zero-background silicon (Si) wafer and the spectra were collected at angles 

between 20 and 80° at a rate of 3 counts/s. Absorbance spectra were collected using an Agilent 

CARY 5000 UV-Vis-NIR spectrometer. NP suspensions were placed in a quartz cuvette and DI-

water was used as the blank. Absorbance spectra were scanned at a medium rate between 200 and 

1200 nm. For powder samples, an external diffuse reflectance accessory attachment was used on 

Agilent CARY 5000 with a 150 mm integration sphere. The instrument was used in double beam 
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mode using reduced slit height and was standard calibrated using a zero/baseline correction. 

Absorbance values were calculated from reflectance data using the following equation: 

𝐴 = (1 – 𝑅) 𝑥 100% 

where A and R are absorbance and the measured reflectance, respectively. There is no transmission 

through the interfaces so it can be disregarded. High-resolution transmission electron microscopy 

images were collected using a Thermo Fisher Scientific Talos 200X microscope with an 

accelerating voltage of 200 kV. HAADF was performed with a spot size less than 1 nm, and a 

convergence semi-angle of 10.5 mrad. Energy dispersive X-ray mapping was also performed on 

Talos 200X using SDD Super-X detectors. Image software was used for particle size and lattice 

spacing analysis.54  

 

Photocatalytic Rhodamine B degradation setup. In a typical degradation experiment, 5 mg of the 

photocatalyst was suspended in 5.0 mL of a 10 M aqueous RhB dye solution in a glass flask. The 

mixture was stirred for 30 minutes in the dark to ensure adequate adsorption-desorption 

equilibration of the dye on the surface of the catalyst. The reaction flask was then illuminated with 

a high-power SOLIS-3C Thor Labs LED (day light white spectrum) with a power density of 100 

mW/cm2. To understand the effect of light intensity of reaction rates, the illumination intensity 

was varied between 25 and 200 mW/cm2. The illumination power density was calibrated using a 

silicon photodiode (ThorLabs). To monitor the reaction progress, the dye solution was centrifuged 

to remove the catalyst, and subsequently analyzed using absorbance spectroscopy and the data was 

collected every 10 minutes. To trace the degradation of the dye, the intensity of the absorbance 

maxima for RhB (523 – 557 nm) was quantified and compared to a calibration curve to calculate 

the concentration of dye. Each type of reaction was performed at least three times. To examine the 
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effect of catalyst loading, the amount of 10wt% HfN/TiO2 composite was varied between 1.25 – 

20 mg and suspended in 5.0 mL of a 10 M aqueous rhodamine B dye solution in a glass flask. 

The reaction was performed according to the procedure outlined above. To study the effect of RhB 

dye amount, the concentration was varied between 10 – 50 M and 5 mg of the 10wt% HfN/TiO2 

photocatalyst was used.  

 

Temperature measurement setup. The reaction temperatures were measured using a K-type 

thermocouple which was inserted in the reaction flask through a septum to prevent boiling and 

subsequent solvent evaporation. The thermocouple was connected to an Arduino electronic 

platform and data was collected and logged via an open-source Arduino software.  
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