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ABSTRACT 

A Multi-Catalytic Approach to Reactive Oxygen Species Generation for Direct 

Water Disinfection 

JOHN TRESSEL 

Chapter 1 provides background information on the current standards for producing 

hydrogen peroxide, as well as a foundation for the oxygen reduction reaction as a 

possible replacement.  Then delving into  electrocatalytic, piezocatalytic and 

photocatalytic nanomaterials for reactive oxygen species generation.  Finally the 

effect those species can have on bacteria. 

Chapter 2 and Chapter 3 detail two studies focused on the use of porphyrin based 

electrocatalysts to generate H2O2.  In Chapter 2, copper chlorophyllin modified via 

magnetic induction heating was found to selectively produce hydrogen peroxide via 

the two electron oxygen reduction reaction.  Chapter 3 is an expansion of this, 

utilizing tetraphenyl porphyrin to examine the effects of changing side chains and 

metal centers has on material synthesis catalytic activity.  Here copper tetraphenyl 

porphyrin and cobalt tetraphenyl porphyrin were found to produce hydrogen peroxide 

via the two electron oxygen reduction reaction, but at lower initially heating 

temperature than copper chlorophyllin.   

Chapter 4 explores modified mixed oxidation state titanium suboxide as a 

photocatalyst.  Here the modified oxides were able to efficiently utilize visible light 
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for reactive oxygen species production which was applied to E. coli inhibition and 

organic dye degradation.   

Chapter 5 expands on the modification of titanium oxide via addition of other metal 

oxide heterostructure additions.  This was done to increase piezocatalytic 

performance, here copper oxide was found to be the most effective addition for  

piezocatalysis and reactive oxygen species generation and again were applied to E. 

coli inhibition and organic dye degradation.   

Chapter 6 summarizes the work completed and its potential impact on reactive 

oxygen species generation 
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Chapter 1 Introduction 

1.1 Industrial hydrogen peroxide and the anthraquinone process 

Hydrogen peroxide (H2O2) is listed as one of the 100 most important chemicals in the 

world, that has found a wide range of applications, such as chemical manufacturing, 

wastewater treatment, and textile bleaching.1-3 Hydrogen peroxide is considered to be 

one of the most environmentally friendly oxidants because only water is produced as 

a byproduct of its oxidation.4  As such hydrogen peroxide is in an ideal position to 

replace chlorine-based bleaches to exclude halogenated products in waste streams.5 

Currently, large scale H2O2 production relies primarily on the industrial 

anthraquinone process in which hydrogen, atmospheric oxygen, and an anthraquinone 

derivative are utilized in the reaction cycle. The crude hydrogen peroxide obtained is 

then purified and concentrated and is usually marketed with an added stabilizer as 

aqueous solutions regularly with an end product  greater than 70 wt%.6, 7 While this 

process currently produces about 98% of global hydrogen peroxide demands it is 

inherently energy-intensive and generates environmentally hazardous byproducts 

Moreover, the storage and transportation of the concentrated H2O2 solutions pose 

significant personal safety and environmental risks, particularly in the event of a 

chemical spill.8, 9 

1.2 Two electron oxygen reduction reaction 

One of the most investigated alternatives to the anthraquinone process is the direct 

synthesis of H2O2 from H2 and O2 via the two-electron oxygen reduction reaction 
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(ORR).  This allows for the decentralized production of H2O2 without the risk of 

transportation or environmentally hazardous by products.10 Mechanistically, there is 

also a competing pathway for ORR the four-electron ORR, which produces water and 

is already a key half-reaction in various electrochemical systems though focused on 

energy storage and conversion.11, 12 Both pathways are hampered by sluggish kinetics, 

involving multiple proton-coupled electron transfer steps and high activation 

barriers.13, 14 Typically 2e- ORR requires an end on binding of O2 to the catalytic site.  

Followed by the addition of a proton generating a *OOH intermediate.15 

O2 + 2H+ + 2e- → H2O2    (1) 

O2 + * → OO*                (2) 

OO* + (H+ + e-) → OOH*    (3) 

OOH* + (H+ + e-) → * + H2O2   (4) 

While the 4e- ORR favors a side on binding helping facilitate the O-O bond cleavage 

after the formation of the OOH* intermediate.16 

O2 + 4H+ + 4e- → H2O    (5) 

O2 + * → OO*     (6) 

OO* + (H+ + e-) → OOH*    (7) 

OOH* + (H+ + e-) → O* + H2O   (8) 

O* + (H+ + e-) → OH*    (9) 
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OH* + (H+ + e-) → * + H2O    (10) 

In short catalysts tailored for the 2e⁻ ORR pathway need to stabilize the O-O bond in 

OOH*, thereby favoring the direct release of H2O2. Strategies to achieve this include 

modifying the active metal site, it’s coordination and support structures.   

1.3 Electrocatalytic design 

To ensure the selective production of peroxide, the careful design of catalytic active 

sites must be considered.  The key step separating the 2e- ORR vs 4e- ORR is the 

cleavage of the O-O bond.17  This is typically achieved by the side on binding of the 

O2 by both oxygen atoms at once vs the end on binding of one oxygen that is favored 

by the 2e- ORR.18  The type of O2 binding can be controlled by the available catalytic 

active sites.  Isolated metal atoms found in single atom catalysts allow for the 

efficient binding of O2 but do not allow for more than one oxygen at a time, forcing 

end on binding.10, 19  While nanoparticles with multiple metal and metal oxide sites in 

close proximity allow for side on binding of both oxygens at once and the cleavage of 

the O-O bond.20  Because of this the efficient production of single atom catalytic sites 

are vital for the production of 2e- ORR catalysts.  Of these sites metal-N4 have been 

highlighted for their high activity.  Though there are several factors to consider here 

too, like the identity of the central metal atom which strongly influences the 

adsorption behavior of oxygen intermediates. Such as FeN4 which even with limited 

side on binding often strongly binds O2 favoring the O–O bond cleavage and thus the 

4e⁻ pathway toward water production.21 Or in contrast, CuN4 centers which generally 
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exhibit weaker oxygen adsorption, generally suppressing O-O cleavage and making 

them highly selective for peroxide formation.22 The oxidation state can also determine 

the activity, like for CoNx sites being able to be highly effective for both the 2e- and 

4e- pathways but being modulated via Co²⁺ vs Co³⁺ oxidation and CoN4 vs CoN5 

coordination.23, 24  In addition to the metal identity, the local coordination structure 

surrounding the active site can significantly modify catalytic performance. Nitrogen 

coordination stabilizes isolated metal atoms within the carbon matrix while 

simultaneously altering the electronic density of the metal center, here even  subtle 

distortions from the ideal square-planar M–N₄ configuration may substantially alter 

catalytic behavior.25   Like in CoN4 vs CoN5 variations in nitrogen coordination 

geometry can change the adsorption strength of oxygen intermediates and therefore 

influencing the balance between 2e⁻ and 4e⁻ ORR pathways. Finally, even the carbon 

support itself also contributes significantly to catalytic performance. Highly 

graphitized carbon materials provide excellent electrical conductivity, enabling rapid 

electron transport to active sites during the reduction reaction and porous structures 

provide high catalytic surface areas.26  Whereas overly defective structures can cause 

a breakdown in the carbon network and a decrease in electrical conductivity.27   

1.4 Photocatalytic generation of reactive oxygen species 

Until now, only the design of electrocatalysts has been discussed.  However, an 

intrinsic short coming of electrocatalysts is the need for an additional energy source to 

supply the electrical charge. As such mechanisms for water purification that do not 

require a human made energy source should also be examined.  Of these 
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photocatalysts have received a significant amount of attention due to their ability to 

produce potent reactive oxygen species that can be utilized to kill bacteria using only 

natural light as an energy source.  This can be done by a photocatalytic material 

absorbing light with similar energy as the material’s bandgap, exciting electrons from 

the valence band to the conduction band.  The excited electron-hole pair is then able 

to react with nearby species to generate radicals.28  While in water there is a natural 

abundance of O2 and H2O molecules leading photocatalysts to generate reactive 

oxygen species.  The most commonly studied of these are superoxide, formed when 

an excited electron is transferred from the conduction band to O2, and hydroxyl 

typically generated at the valance band hole by the oxidation of H2O.  While these 

reactive oxygen species are highly reactive, they consequently have extremely short 

lifetimes.29  This requires the catalytic materials to be able to be dispersed directly 

into the solution in need of disinfection, unlike electrocatalysis where the product can 

be stored and used later.  As such photocatalysts are typically made of semiconductive 

materials, like TiO2 that are low cost, and highly biocompatible.  However, TiO2 like 

many of these materials, can only utilize higher energy UV light compared to visible 

light which is more abundant in solar light.  Because of this semiconductor design to 

better shrink the photocatalytic band gap and increase visible light utilization has 

become a focal point of photocatalytic research.   

1.5 Piezocatalytic generation of reactive oxygen species 

Another method of reactive oxygen species generation is piezocatalysis.  

Piezoelectric materials can generate surface charges when under mechanical stress, 
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such vibrations, ultrasound, or even flowing water.  These surface charges can then 

generate reactive oxygen species like superoxide and hydroxyl similarly to 

photocatalysis.30, 31  This surface charge occurs due to the displacement of charge 

centers within noncentrosymmetric crystalline structures while under stress.32  

Typically these materials are characterized by a piezoelectric coefficient (d33) that 

defines the charge generated by a materials under a controlled force (pC N-1).  The 

most widely studied piezocatalyst have been ceramic materials like BaTiO3 with high 

d33s due to their natural lack of inversion centers in their crystal structures.33, 34  

While polymer-based materials like PVDF have also been examined.  Piezocatalysis 

can also be utilized more easily than photocatalysis with water sources possessing 

poor light penetration like turbid water.  Overall piezoelectric materials show 

immense potential in future water purification and bacterial inhibition applications.   

1.6   Effects of reactive oxygen species on bacteria 

Reactive oxygen species are known to induce oxidative stress that compromises 

cellular components including DNA, proteins, and cell membranes which readily 

result in bacterial death.35  Proteins being prone to oxidation can be easily damaged, 

leading to misfolding, enzymatic inactivation, and complete protein degradation. 

Beyond direct protein damage leading to cell death, reactive oxygen species can 

impact bases in DNA leading to mutations that disrupt replication thus leading to 

inhibited mitosis. Because of this bacteria have defensive mechanisms to defend 

against oxidative stress like the production of enzymes like superoxide dismutase and 

catalase.36 These work by neutralizing reactive oxygen species by converting them to 
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water and oxygen molecules.37 Additionally the cell’s structure is its own defense, 

with most nanomaterials being too large for bacterial uptake the bacterial membrane 

must be damaged before direct oxidative stress can be applied to the interior 

proteins.38, 39 As such over whelming all the bacteria’s defenses is necessary for 

complete bacterial inhibition.   
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2.1 Abstract  

The two-electron oxygen reduction reaction has emerged as an effective strategy to 

replace the anthraquinone process for the on-site green production of hydrogen 

peroxide that can be used for electrochemical disinfection of water. Herein, sodium 

copper chlorophyllin is modified by magnetic induction heating at controlled currents 

(300 to 500 A) for seconds to produce CuNC nanocomposites, where the CuN4 

coordination moieties are retained and embedded within a carbon scaffold, as 

manifested in transmission electron microscopy, X-ray absorption spectroscopy, X-

ray photoelectron spectroscopy, and Raman measurements. In electrochemical tests 

the CuNC nanocomposites exhibit an apparent electrocatalytic activity towards the 

selective two-electron oxygen reduction to hydrogen peroxide in alkaline media, and 

the sample prepared at 400 A for 10 s stands out as the best among the series, with a 

H2O2 yield close to 90%. Such a unique property can be exploited for on-site water 

treatment/disinfection, as manifested in the effective degradation of organic dye 

pollutants (e.g., methylene blue) and removal of waterborne pathogens (e.g., 

Escherichia coli).  Results from this study highlight the unique potential of magnetic 

induction heating in the ultrafast production of functional nanocomposites as high-

performance electrocatalysts for diverse applications. 

2.2 Introduction 

Hydrogen peroxide (H2O2) is a commodity chemical that has found a wide range of 

applications, such as chemical production, water disinfection, and wastewater 
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treatment.1-4 Currently H2O2 is produced primarily through the industrial 

anthraquinone process that is energy-intensive and may impact the environment with 

toxic byproducts.5 In addition, there is a high risk to the environment of chemical 

spills due to storage and transportation requirements of concentrated H2O2 commonly 

above 70% by weight.6  Yet, as most applications require only a low concentration of 

H2O2, such as 8% for water treatment, and 30% for most chemical synthesis, on-site 

production of H2O2 has attracted extensive interest, and one of the most prominent 

technologies is the electrochemical two-electron oxygen reduction reaction (2e- ORR) 

due to its possibility of decentralized green production of H2O2.
6-8 The major 

challenge in this electrochemical approach is the selectivity of the 2e- pathway (O2 + 

2H+ + 2e− → H2O2) over the 4e- one (O2 + 4H+ + 4e− → H2O).9, 10  Mechanistically, 

the 2e- pathway can be facilitated by end-on binding of the O2 molecules onto the 

catalytic active centers leading to the formation of the *OOH intermediate, while the 

4e- pathway favors side-on binding which causes a stretching of the O-O bond and 

leads to its breakage.11, 12 Therefore, it calls for rational design of the electronic 

structure of the catalysts to achieve selective 2e- ORR. 

Precious metal-based nanoparticles have been the leading catalysts towards selective 

2e- ORR. For instance, PtHg alloy nanoparticles have been the benchmark catalyst 

which possess a selectivity over 95% at the overpotential () of -70 mV towards 2e- 

ORR for H2O2 production in alkaline media.13, 14 PdAu alloy nanoparticles also show 

a high activity in acidic media over 90% selectivity at the overpotential of -100 mV.15 

Yet the high cost and limited natural abundance of precious metals hinder their 
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widespread applications. Thus recently extensive research has been devoted to the 

rational design and engineering of carbon-based nanocomposites with earth-abundant 

transition metals, such as Co, Cu, and Ni, that have been known to be effective ORR 

catalysts.16-19 For example, Yu et al.7 prepared Cu/C nanocomposites by controlled 

pyrolysis of a Cu-containing metal-organic framework (MOF) precursor, and 

observed that the selective electrocatalytic activity towards 2e- ORR was enhanced 

from 45% to 68% at +0.1 V, due to electrochemical activation that facilitated the 

enrichment of Cu2O species in the sample. Additionally, single atom catalysts (SACs) 

have shown significant promise, where the high selectivity for 2e- ORR is facilitated 

by the spatial separation of the active sites (thus end-on adsorption of intermediates is 

favored), and metal, nitrogen-codoped carbon (M-N-C) nanocomposites represent a 

unique option.2, 20, 21 For instance, Co-N-C nanocomposites have been shown to be 

80% selective towards H2O2 production at the overpotential of -100 mV.22  Cu-N-C 

have also garnered significant interest, where the CuNx coordination configuration 

can be engineered for optimal binding of reaction intermediates.23-25,26 For instance, 

Wang et al.27 prepared carbon composites with CuNx moieties via direct pyrolysis of a 

Cu-containing MOF and observed a selectivity up to 65% in the production of H2O2 

from 2e- ORR. 

These M-N-C nanocomposites are traditionally prepared by controlled pyrolysis 

which is time and energy intensive. Recently, magnetic induction heating (MIH) has 

emerged as an ultrafast synthesis technique that utilizes the instant generation of an 

Eddy current when a conductor is immersed into a strong AC magnetic field to heat a 
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metal surface reaching a temperature over 1000 °C within seconds.28, 29  Such Joule 

heating can be readily controlled by the induction current and heating time.30-32 This 

has indeed been demonstrated in several recent studies in the preparation of a wide 

range of functional nanocomposites that exhibited unprecedented electrocatalytic 

activity towards hydrogen evolution reaction (HER) and oxygen evolution reaction 

(OER), e.g., FeNi spinels with a good mixing of the Fe and Ni phases,33 defective 

carbon-encapsulated Co nanoparticle composites,30 Ru nanoparticles with RuClx 

residues,34 Ru/C nanocomposites,35, 36 and amorphous MoSx composites.37 This was 

largely ascribed to the rapid heating that resulted in the formation of nonequilibrium 

structures and/or incomplete thermal decomposition of the precursors.  
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Figure 1. Skeletal structural model of copper chlorophyllin. Note that there are two 

types of pyrrolic N that bind to the Cu center: N(1) the pyrrolic N and N(2) the aza N. 

Herein, copper chlorophyllin (CuCh, Image 1), a porphyrin derivative with a Cu2+ 

center chelated to four pyrrolic N (CuN4), was treated with MIH at controlled 

induction currents for a short period of time (up to 12 s). The obtained Cu-N-C 

nanocomposites exhibited an excellent performance towards the selective 2e- ORR to 

H2O2 in alkaline media.  This was due to the rapid heating that facilitated the 

retention of the CuN4 moiety of CuCh which is known to be catalytically active 

towards 2e- ORR.23-26 Electrochemical measurements showed that the sample 

prepared at 400 A for 10 s stood out as the best among the series and possessed a 

selectivity close to 90% of H2O2 yield, a unique activity that could be exploited for 

the on-site effective degradation of organic dye pollutants (e.g., methylene blue) and 

electrochemical disinfection of water by eradicating waterborne pathogenic bacteria 

like Escherichia coli (E. coli). 

2.3. Results and Discussion 

2.3.1 Structural characterizations 

The sample structures were first characterized by TEM measurements. From the TEM 

images of CuNC-400 in Figure 2a-c, one can see that the sample possessed a mostly 

amorphous structure with short-range lattice fringes, where the interplanar spacing of 

ca. 0.33 nm is consistent with the (002) planes of graphitic carbon,38 suggesting 

effective production of a carbon scaffold from the CuCh precursor. 
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Figure 2. Bright-field TEM images of CuNC-400 at different magnifications. Scale 

bars are (a) 50 nm, (b) 20 nm and (c) 5 nm.  (d1) SEM image, and EDS maps of (d2) 

all elements, (d3) C, (d4) N, (d5) O, and (d6) Cu. Scale bars are all 100 nm. 

 In addition, a number of cavities (20 to 60 nm) can be found to be embedded within 

the carbon matrix, likely a result of acid leaching that removed metal (oxide) 

nanoparticles (Figure 3).  
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Figure 3. Bright-field TEM images of CuNC-400-10 before acid leaching with HNO3. 

In elemental mapping analysis based on energy-dispersive X-ray spectroscopy (EDS) 

measurements (Figure 2d1-d6), the elements of C, N, O, and Cu can be clearly seen 

to be homogeneously distributed throughout the sample, and the absence of 

particulate materials suggests atomic dispersion of the Cu centers within the carbon 

matrix. Further insights were gathered from XPS measurements. From the survey 

spectra (Figure 4), the Cu 2p, O 1s, N 1s, and C 1s electrons can be readily resolved 

at ca. 932, 530, 400, and 284 eV, respectively. 
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Figure 4. XPS Survey spectra of the sample series. 

 From the integrated peak areas, the elemental contents can be estimated and 

compared. From Table 1, one can see that CuNC-400 consisted of 74.98 at% C, 5.40 

at% N, 15.27 at% O, and 1.49 at% Cu. For CuNC-300, the C, N and Cu contents were 

slightly lower (70.46 at%, 4.79 at% and 1.35 at%) but the O content was somewhat 

higher (19.62 at%). CuNC-500 exhibited an opposite trend (78.83 at% C, 4.13 at% N, 

15.23 at% O, and 1.22 at% Cu).  
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Table 1. Elemental contents (at%) of the sample series from XPS measurements 

Peak CuCh CuNC-300 CuNC-400 CuNC-500 

C 1s 

C=C 38.44 38.38 37.79 17.44 

C-C 18.95 15.96 15.24 27.06 

C-N/O 12.10 8.72 9.76 28.38 

C=N/O 10.18 10.17 14.34 6.43 

Total C 79.67 73.23 77.13 79.31 

N 1s 

N(1) 2.33 2.34 2.73 1.63 

N(2) 1.43 2.64 3.01 2.52 

Total N 3.81 4.98 5.74 4.15 

O 1s 

C=O 4.92 7.14 5.87 10.50 

C-O 10.63 13.25 9.70 4.82 

Total O 15.55 20.39 15.57 15.32 

Cu 1.03 1.40 1.56 1.21 

 

These results suggest enhanced graphitization of the CuCh precursor with increasing 

MIH temperature. 
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Figure 5. High-resolution XPS scans of the (a) N 1s, (b) Cu 2p and (c) Cu LMM 

electrons of CuCh and the CuNC samples. Black curves are experimental data and 

colored curves are deconvolution fits. 

The high-resolution scans of the N 1s electrons are shown in Figure 5a where the 

CuCh precursor can be seen to consist of a major peak at 398.0 eV and a minor one at 

399.4 eV that can be assigned to the two types of pyrrolic N that bind to the Cu 

centers, N(1) the sp2 N and N(2) the sp3 N (Scheme 1),39, 40 respectively. Notably, 

upon MIH treatment, these two peaks were retained with the CuNC samples, although 

the fraction of N(1) diminished from ca. 62% for CuCh to 47% for CuNC-300, 48% 

for CuNC-400, and 40% for CuNC-500 (Table 1). In addition, whereas the binding 

energy of the N(2) remained virtually invariant, the N(1) peak can be seen to shift to a 

higher energy with increasing MIH temperature, 398.0 eV for CuNC-300, 398.1 eV 

for CuNC-400, and 398.3 eV for CuNC-500 (Table 2). These observations are likely 
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due to increasing thermal decomposition of the peripheral hydrocarbon segments of 

CuCh that wrinkled the original planar CuN4 moiety (Scheme 1). 

Table 2. Binding energies (eV) of all elemental components by deconvolution of the 

XPS data 

Peak CuCh CuNC-300 CuNC-400 CuNC-500 

C 1s 

C=C 284.2 284.1 284.1 284.2 

C-C 284.8 284.8 284.8 284.8 

C-N/O 285.8 286.0 285.6 285.3 

C=N/O 287.9 288.0 287.7 288.5 

N 1s 

N(1) 398.0 398.0 398.1 398.3 

N(2) 399.4 399.2 399.2 399.5 

O 1s 

C=O 530.8 531.0 530.9 531.5 

C-O 532.0 532.4 532.4 532.4 

Cu 2p 

LMM  570.9 571.2 570.5 571.3 

2p3/2  934.2 934.3 934.3 934.6 

Satillite 943.0 943.3 943.2 943.4 

2p1/2 954.0 954.2 954.2 954.5 

Satillite 962.8 962.6 963.1 963.1 
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Figure 5b shows the corresponding Cu 2p spectra. The CuCh precursor can be seen 

to possess a doublet at 934.2/954.0 eV due to the 2p3/2/2p1/2 electrons of Cu2+, with 

the corresponding Cu2+ satellites at ca. 943.0 and 962.8 eV, 41, 42and no Cu0 or Cu+ 

peaks at ca. 932/952 eV can be resolved.7 Notably, after MIH treatment, the Cu 2p 

binding energies exhibited a clear blue-shift with increasing heating current 

(temperature), which coincided with the increase of the N 1s binding energy observed 

above, suggesting increasingly electron-deficient Cu centers within the 

nanocomposites. Consistent results were obtained from the Cu LMM spectra (Figure 

5c). The CuCh precursor and CuNC samples can be seen to possess a single 

component at 570.9 eV arising from Cu2+, again with no clear Cu0 or Cu+ peaks at ca. 

574.4 or 569.3 eV.43 The lack of metallic Cu0 or Cu+ peaks and the even distribution 

of Cu species seen in the EDS-based elemental mapping analysis (Figure 1d) 

signifies atomic dispersion of the Cu centers within the carbon matrix, mostly due to 

the rapid heating that facilitated the retention of the CuN4 coordination moieties.   
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Figure 6. XPS O 1s Spectra of the sample series. 

Note that in the O 1s spectra (Figure 6) no metal oxide peak can be resolved below 

530 eV, confirming the absence of copper oxide in the samples after acid leaching.44 

Significantly, based on the integrated peak areas (Table 1), the atomic ratio of N:Cu 

can be estimated to be ca. 3.70 for CuCh, which decreased only slightly to 3.55 for 

CuNC-300, 3.62 for CuNC-400, and 3.44 for CuNC-500. This indicates that the CuN4 

moiety of copper chlorophyllin was not significantly damaged during the rapid MIH 
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treatment, and the retention was the best with CuNC-400, a critical tribute to the ORR 

activity. 

 

Figure 7. XPS C 1s Spectra of the sample series  

The C 1s spectra are shown in Figure 7, where three species can be resolved for all 

samples, 284.2 eV for sp2 C, 288.3 eV for C=O, and 285.5 eV for C-O.45 Of these, 

CuNC-400 can be seen to possess the highest content of sp2 C (Table 1), suggestive 

of the optimal conditions for the production of a graphitic carbon scaffold from the 

CuCh precursor. 
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Figure 8. (a) Raman spectra of the CuCh and CuNC samples, and (b) zoom in of the 

100 to 800 cm-1 range. 

Further structural insights were obtained from Raman measurements. From Figure 

8a, the CuCh precursor can be seen to exhibit a series of fingerprint vibrations, 

δ(CaCbEt) at 753 cm-1, δ(CbEt) and δ(CaNCa) at 990 cm-1, δ(CbEt) and δ(CaN) at 

1135 cm-1, and δ(CaH) and δ(CmH) at 1225 cm-1.46, 47 Notably, all remained visible in 

the CuNC samples except that the peak intensity diminished with increasing MIH 

temperature (in particular the 1225 cm-1 vibrations). This suggests that the C-N-C 

cornerstone of the porphyrin ring survived the MIH treatment, but the outer carbon 
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fragments were degraded markedly, consistent with results from the \above XPS 

measurements. Indeed, the CuNC samples can be seen to exhibit the D and G bands 

of graphitic carbon at 1371 and 1582 cm-1, respectively, and the ratio of the band 

intensity (ID/IG) can be seen to increase somewhat from 0.77 for CuNC-300 to 0.89 

for CuNC-400 and 0.99 for CuNC-500, suggestive of the formation of a slightly 

increasingly defective carbon scaffold.48 Notably, the Cu-N bending vibrations 

remained visible at 215, 475 and 628 cm-1 for the CuCh precursor and the CuNC 

samples (Figure 8b).49-55 This was in good alignment with the retention of the CuN4 

moiety after MIH treatment.   
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Figure 9. (a) X-ray absorption near-edge spectra (XANES) of Cu K, (b) the 

corresponding Fourier transformed extended X-ray absorption spectra (FT-EXAFS) 

of the CuCh and CuNC samples 

Further structural insights were obtained from XAS measurements, with the CuCh 

precursor as a reference.  From the Cu K-edge X-ray absorption near edge structure 
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(XANES) profiles in Figure 9a, the CuCh precursor can be seen to possess two peaks 

at ca. 8985 and 8988 eV that are the typical Cu2+ pre-edge shoulders.  The former is 

produced by the 1s → 4pxy electron transition of the square-planar CuN4 moiety,56-58 

whereas the latter is due to Jahn Teller distortion of Cu2+59, 60 These pre-edge features 

remained prominent with the CuNC samples, consistent with the retention of the 

CuN4 moiety by rapid MIH heating. Yet, one can see that the 1s → 4pxy transition 

peak increased in intensity, whereas the Jahn Teller distortion peak diminished in 

intensity, suggestive of a decrease of the z axial coordination in CuNC as compared to 

that in CuCh.56-60  That is, the Cu atomic configuration was distorted somewhat after 

MIH heating. Notably, the Cu+ peak that is typically seen at 8982 eV for Cu+ chelated 

to nitrogen ligands is absent in all samples, consistent with results from the above 

XPS measurements (Figure 5).61, 62  
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Figure 10. Fitting results of the Cu K-edge EXAFS of the sample series. 

The corresponding Fourier-transformed extended X-ray absorption fine structures 

(FT-EXAFS) are shown in Figure 9b.  All CuNC samples can be seen to exhibit a 

profile that is very consistent with that of CuCh, with a dominant peak at ca. 1.6 Å for 

the Cu-N path.61, 63  Furthermore, fitting of this peak (Figure 10) yields a 

coordination number (CN) of ca. 4 and an effective pair distance of ca. 1.95 Å for 

both the CuCh precursor and CuNC samples (Table 3), suggesting a bond length of 

1.95 Å for the primary Cu-N bond.62  This further confirms that the CuN4 structure 

was retained during MIH treatment thanks largely to the rapid heating.  

Table 3. Fitting results of the Cu K edge XAS spectra of the samples series 

Samples Peak Effective Pair Distance (Å) σ2 CN 

CuCh 

Cu-N 1.955 0.038 4.001 

Cu-C 2
nd

 shell 2.456 0.010 8.003 

Cu-Cu 2.587 0.019 0.786 

Multi 

scattering 

2.550 0.002 1.000 

Multi 

scattering 

3.253 0.003 6.334 

CuNC-

300 

Cu-N 1.955 0.004 3.999 

Cu-C 2
nd

 shell 2.419 0.011 8.274 
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Cu-Cu 2.574 0.023 0.760 

Multi 

scattering 

2.798 0.004 1.001 

Multi 

scattering 

3.267 0.020 4.411 

CuNC-

400 

Cu-N 1.954 0.004 4.000 

Cu-C 2
nd

 shell 2.470 0.008 7.228 

Cu-Cu 2.594 0.014 0.429 

Multi 

scattering 

3.077 0.003 1.000 

Multi 

scattering 

3.269 0.002 3.820 

CuNC-

500 

Cu-N 1.952 0.004 3.998 

C 2
nd

 shell 2.624 0.008 10.499 

Cu-Cu 2.711 0.002 0.0563 

Multi 

scattering 

2.798 0.002 0.999 

Multi 

scattering  

3.269 0.002 3.257 
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What did change during the MIH heating was the peaks beyond the first shell. In 

Figure 9b a clear shoulder can be seen at 2.2 Å, which is much larger in the CuCh 

precursor and becomes less prominent with increasing MIH heating.64, 65 This peak 

matches well with the second shell of carbon (Cu-N-C) around the central CuN4 

moiety as well as overlapping with a possible Cu-Cu peak.  As such this peak was 

fitted with both at an effective pair distance of 2.4 and 2.5 Å respectively.66 From the 

fitting one can see that the CN of the second shell did not decrease significantly from 

the initial value of 8 while the effective pair distance became elongated from 2.46 Å 

for CuCh to 2.62 Å for the CuNC samples (Table 3). This suggested partial damage 

of the second shell of carbons. Along with this, the Cu-Cu peak started at CN of 0.79 

and an effective pair distance of 2.59 Å to a CN of 0.06 and an effective pair distance 

of 2.71 Å. This indicates that there is virtually no Cu0 in these samples which is 

consistent with the absence of Cu nanoparticulates in the samples. 

Finally, the outer shells of carbon could not be clearly distinguished due to multiple 

scatterings causing interference but two distinct multi scattering group fittings at the 

effective pair distance 2.7 and 3.2 Å were made and together could fit the broad 

EXAFS peak at 2.9 Å. These multi scattering peaks show a decay of the CN from 

6.34 for CuCh to 3.26 for CuNC-500. This, along with the EXAFS data becoming 

smoother with a higher heating temperature, indicates a more disordered environment 

and significant defects in the carbon scaffold, in good agreement with results from the 

Raman measurements (Figure 8). Overall, results from the XAS measurements 

further confirmed that the CuN4 moiety was largely retained after MIH treatment of 



36 
 

the CuCh precursor, although the outside carbon shells became increasingly 

defective. It was this unique CuN4 SAC structure that was responsible for the 

remarkable 2e- ORR activity observed below.  Additionally, further study will be 

necessary to determine how well this remarkable conservation of the metal-N4 

structure can be extended to other metal centers.  As if this can be expanded this is 

possibly a fast and easy method of producing many metal-N4 catalyst that could be 

tuned for a desired reaction. 
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2.3.2 Electrocatalytic activity 

 

Figure 11. (a) RRDE ring and (b) disk voltammograms of the CuNC samples 

prepared at different MIH currents in oxygen-saturated 0.1 M KOH at the potential 

sweep rate of 10 mV s-1 and rotation rate of 1600 rpm. Ring potential was fixed at 

+1.5 V. (c) The corresponding H2O2 yield and (d) electron transfer number (n) at 

different electrode potentials. 

The electrocatalytic activity of the CuNC samples were evaluated with a rotating 

ring-disk electrode (RRDE) in oxygen-saturated 0.1 M KOH. From the polarization 

curves in Figure 11a-b, all samples can be seen to exhibit an apparent electrocatalytic 

activity towards ORR, where nonzero voltametric currents started to appear as the 

disk potential was swept negatively. Yet the activity varied markedly among the 

series. Specifically, the onset potential (Eonset), which was defined as the potential to 
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reach the current density of 0.1 mA cm-2, decreased in the order of CuNC-400 (+0.68 

V) > CuNC-300 (+0.67 V) > CuNC-500 (+0.65 V). These onset potentials were 

remarkably close to the formal potential of +0.70 V for 2e- ORR.67  A similar trend 

can be seen with the collection current at the ring electrode, suggesting high 

electrocatalytic activity of the CuNC samples, and the CuNC-400 sample stood out as 

the best among the series in H2O2 production. The corresponding electron transfer 

number (n) and H2O2 % yield is depicted in Figure 11c-d. One can see that within the 

wide potential range of +0.65 to +0.10 V, CuNC-400 exhibited an n value of ca. 2.2 

with a H2O2 yield close to 90%. Such performance was markedly better than those of 

CuNC-300 (2.3, 87%) and CuNC-500 (2.6, 69%).  

Table 4. Summary of the ORR performance in 0.1 M KOH from Figure 11.  

Sample Eonset 

(V) 

jdisk  

(at +0.46 V, 

mA cm-2) 

jring  

(at +0.46 V, 

mA cm-2) 

n  

(+0.46 V) 

H2O2% 

(+0.46V) 

CuNC-300 +0.67 -1.41 0.41 2.25 87.46 

CuNC-400 +0.68 -1.45 0.43 2.21 89.44 

CuNC-500 +0.65 -1.02 0.20 2.61 69.37 

CuNC-

400+EDTA 

+0.66 -1.14 0.13 2.99 50.38 

CuNC-

400+KSCN 

+0.65 -1.09 0.10 3.20 39.98 
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This suggests that 400 A was the optimal induction current in sample preparation 

(Table 4). In fact, the performance is highly comparable to the leading results of 

relevant SACs reported recently in the literature (Table 5). However the CuNC 

catalysts can be synthesized significantly faster due to few and quicker heating steps 

and exhibited excellent catalytic performance in several mediums.  Also, in 

comparison to samples prepared at 400 A for different heating times (e.g., from 8 to 

12 s), 10 s was identified as the best condition (not shown).  

Table 5. Comparison of ORR performance with relevant SACs in the literature 

Sample 

Active 

Moiety 

Electrolyte 

Eonset 

(V) 

n  

(+0.46 

V) 

H2O2% 

(+0.46 V) 

Refere

nce 

CuNC-

400 

CuN4 0.1 M KOH +0.68 2.2 89.44 

This 

Work 

h1-Pt-

CuSx 

PtSx 

0.1 M 

HClO4 

+0.65 2.1 95 68 

PFC-72-

Co 

CoN4 

0.1 M 

HClO4 

+0.68 2.2 90 69 

Co-N-C CoN5 0.5 M NaCl +0.61 2.1 95 70 

ZnNC ZnN4 0.1 M KOH +0.78 2.3 86 71 
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Co-N2-

C/HO 

CoN2 0.1 M KOH +0.81 2.2 91 72 

ZnCu-

MOF 

(H) 

Cu1-O3 0.1 M KOH +0.74 2.2 90 73 

Mn 

CD/C 

MnN4 0.1 M KOH +0.79 2.2 90 74 

W1/NO-

C 

W1N1O2-

C 

0.1 M KOH +0.82 2.2 90 75 

Fe-CNT Fe-C-O 0.1 M KOH +0.82 2.3 85 76 

 

To unravel the catalytic active site, metal poisoning tests were conducted using 

KSCN and EDTA.  The former is known to adsorb strongly onto metal sites whereas 

the latter is prone to chelation with single metal centers, where the blocking leads to 

apparent diminishment of the catalytic activity.77-79  Experimentally, when KSCN or 

EDTA (10 mM) was added into the 0.1 M KOH electrolyte (Figure 12a-b), RRDE 

tests showed that the onset potential shifted negatively to +0.65 V for EDTA and 

+0.66 V for KSCN, along with a decrease of the disk current to -1.14 mA cm-2 for the 

former and -1.09 mA cm-2 for the latter at +0.46 V, indicating that the ORR activity 

was primarily due to the metal sites which could be effectively poisoned by the 

chelating agents. An even more significant change can be seen in the ring current, 

which decreased by more than 60% to 0.14 mA cm-2 for EDTA and 0.10 mA cm-2 
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KSCN.  In fact, the H2O2 yield diminished markedly to only 51% for EDTA and 40% 

for KSCN (Figure 12c). The fact that a similar poisoning effect was observed with 

KSCN and EDTA further suggests that the ORR active sites were indeed the Cu metal 

centers atomically dispersed within the carbon matrix. 

 

Figure 12. (a) RRDE ring and (b) disk voltammograms and (c) the H2O2 yield of 

CuNC-400 before and after the addition of 10 mM EDTA or KSCN in oxygen-

saturated 0.1 M KOH at the potential sweep rate of 10 mV s-1 and rotation rate of 

1600 rpm. 
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2.3.3 Disinfection applications 

  

Figure 13. Methylene blue degradation by CuNC-400 at +0.46 V for 300 min in 0.1 

M KOH, in comparison to the blank control with a bare electrode. 

The selective production of H2O2 from oxygen reduction can be exploited for on-site 

applications, in particular, the degradation of organic dyes and disinfection of water.  

For the organic dye degradation, a 25 mg L-1 solution of MB in 0.1 M KOH was 

prepared and 75 mL was added into an electrochemical cell where the working 

electrode was held at the potential of +0.46 V.   
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Figure 14. MB dye degradation with standard H2O2 solutions.  

From Figure 13, one can see that 57.1% of the dye was removed after 300 min’s 

electrochemical treatment with CuNC-400, corresponding to the production of ca. 1.7 

mg L-1 of H2O2 (Figure 14).  By contrast, for a bare electrode, less than 25% of MB 

was removed under the same experimental conditions.  
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Figure 15. Growth curves of E. Coli in 96-well plates after electrochemical 

disinfection for up to 60 min with (a) a bare electrode and (b) a CuNC-400 modified 

electrode at +0.46 V. (c) CFU counts of E. Coli on LB petri dishes after 

electrochemical disinfection at +0.46 V for up to 300 min with a CuNC-400 modified 

electrode, in comparison to the blank control, with select photographs shown in (d).  

Such a unique property could also be exploited for electrochemical disinfection of 

water. From Figure 15a, it can be seen that for the control experiment with a bare 

electrode where the potential was held at +0.46 V for up to 60 min, the E. coli cells 

exhibited a rather consistent growth curve with a lag phase of ca. 5.5 h. In stark 

contrast, the bacterial growth was markedly inhibited with a CuNC-400 modified 
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electrode (Figure 15b), where the lag phase can be seen to prolong to ca. 8 h after 20 

min’s electrochemical treatment, with the corresponding growth rate decreased by 

over 50% from 0.208 to 0.098 h-1; and after 40 min’s electrochemical treatment, 

bacterial growth was inhibited completely (Table 6).  

Table 6.  Comparison of E. coli growth in the absence and presence of electrochemical 

disinfection by CuNC-400 at +0.46 V for up to 60 min 

S
a
m

p
le

 

Treatm

ent 

Time 

(min) 

Lag 

Phase 

(h) 

Stationary 

Phase Start 

Time (h) 

Growth 

Phase Rate 

(h-1) 

Growth 

Phase 

Duration 

(h) 

Generati

on Time 

(min) 

E
 c

o
li

 c
o
n
tr

o
l 

0 5 11.5 0.231 6.5 41.7 

20 5 11.5 0.228 6.5 41.8 

40 5 11.5 0.229 6.5 41.3 

60 5 11.5 0.230 6.5 40.6 

C
u
N

C
-4

0
0
 0 5.5 12.5 0.208 7 40.3 

20 8.5 - 0.098 >9 48.8 

40 No bacterial growth observed 

 

Additionally, the generation time (the amount of time needed for the splitting of a 

bacterial cell into two new cells) also increased from 40.3 min prior to 

electrochemical treatment to 48.8 min after 20 min’s disinfection (Table 6). This all 
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indicates significant growth inhibition after just 20 min of exposure and nearly 

complete disinfection after 40 min’s exposure. 

2.4. Experimental Section 

2.4.1 Chemicals  

Sodium copper chlorophyllin (CuCh, 98.5%, Spectrum Chemical MFG. Corp.), 

ethylenediaminetetraacetic acid (EDTA, ≥99.0%, Aldrich), potassium thiocyanate 

(KSCN, 99.0%, Aldrich), nitric acid (HNO3, Aldrich), potassium hydroxide (KOH, 

Fisher Chemicals), Nafion®117 solution (5% in a mixture of lower aliphatic alcohols 

and water, Aldrich), and methylene blue hydrate (MB, Acros Organics) were all used 

as received. Water was purified with a Barnstead Nanopure Water System (resistivity 

18.3 MΩ cm) 

2.4.2 Sample synthesis 

The MIH setup has been described in detail previously.35, 36 In a typical experiment, 

100 mg of CuCh was placed on an iron sheet lined with graphitic paper in a quartz 

tube that had been purged with Ar gas and subject to MIH treatment at controlled 

induction currents (X = 300, 400, and 500 A) for 10 s.  After heating, the samples 

were washed with water, ethanol, and acetone, until a clear supernatant was produced. 

The samples were then subject to acid leaching to remove metal (oxide) nanoparticles 

whereby 10 mg of the sample were dispersed in 10 mL of 1.0 M HNO3 under 

magnetic stirring at room temperature for 3 h, followed by rinsing with a copious 

amount of Nanopure water. The resultant samples were denoted as CuNC-X. 
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2.4.3 Characterization  

Transmission electron microscopy (TEM) images were acquired with a Tecni G2 

operated at 200 kV. Scanning electron microscopy (SEM) and energy-dispersive X-

ray spectroscopy (EDS) studies were conducted with an Apreo SEM microscope. X-

ray photoelectron spectroscopy (XPS) measurements were carried out with a Thermo 

Fisher K-alpha system, where the binding energy was calibrated against the C 1s 

binding energy. Raman measurements were conducted using a Horiba Jobin Yvon 

Lab-RAM ARAMIS automated scanning confocal Raman microscope under 532 nm 

excitation. UV-vis absorption measurements were conducted with a Perkin-Elmer 

Lamda 35 spectrometer.  X-ray absorption spectroscopy (XAS) measurements were 

conducted at the temperature of 10 K using an Oxford liquid helium cryostat at 

beamline 4–1 of the Stanford Synchrotron Radiation Light source. The obtained XAS 

data were reduced, fitted, and analyzed with the RSXAP software.80 The Fourier 

Transform range was 3.5–12.5 and the fit range was 1.2-3.0. The theoretical functions 

for the simulated structure and each path were calculated by WebAtoms.81 

2.4.4 Electrochemistry 

Electrochemical performance was examined with a CHI 710 electrochemical 

workstation in a three-electrode configuration using a Hg/HgO reference electrode, a 

graphite rod counter electrode, and a gold ring-glassy carbon disk working electrode 

(disk surface area 0.196 cm2). The reference electrode was calibrated against a 

reversible hydrogen electrode (RHE), and all potentials in the present study were 
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referenced to the RHE. The catalyst inks were prepared by dispersing 2 mg of the 

samples prepared above into a mixed solution containing 300 μL of ethanol, 700 μL 

of H2O, and 10 μL of Nafion under sonication for 30 min. Then 20 μL of the inks was 

dropcast onto the glassy carbon disk electrode surface and dried naturally at room 

temperature before being coated with 3 μL of 20 wt % Nafion. The catalyst loading 

was ca. 0.204 mg cm-2.  

2.4.5 Methylene blue degradation 

MB degradation was performed using the three-electrode setup described above, with 

the addition of 25 mg L-1 MB in the 0.1 M KOH supporting electrolyte. The electrode 

potential was held at +0.46 V and the absorbance of the electrolyte solution was 

monitored at different time points with a UV-vis spectrometer.  A control experiment 

was conducted with the same setup but with only a bare working electrode. 

2.4.6 Electrochemical disinfection of water 

E. coli cells were grown in Luria−Bertani (LB) agar in a 37 °C incubator. A single 

colony was selected and used to inoculate 3 mL of LB broth and allowed to shake at 

37 °C for 18 h. The resulting liquid was centrifuged at 5000 rpm for 5 min and 

resuspended in phosphate buffered saline (PBS) 3 times before being diluted to an 

optical density (OD) of 0.1 at 600 nm. Then 1 mL of the spiked PBS solution was 

diluted into 99 mL of sterile 0.5 M Na2SO4.  75 mL of this solution was poured into 

the electrochemical cell, and the working electrode was held at the potential of +0.46 

V for 1 h, with 10 mL aliquots removed every 20 min and pipetted into a 96-well 
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plate along with 200 mL of sterile LB broth.  The 96-well plate was placed in a 

Molecular Device VERSA max microplate reader, where the OD was measured at 

600 nm every 30 min with intermittent shaking between each reading over a 18 h 

incubation period at 37 °C. 

2.5. Conclusions 

In this study, CuNC nanocomposites were prepared by MIH-based ultrafast synthesis 

using CuCh as the precursor. Due to the rapid heating, the peripheral hydrocarbon 

fragments of CuCh were thermally decomposed into graphitic carbon, whereas the 

CuN4 coordination moieties were retained and dispersed within the carbon matrix. 

With this unique SAC structure, the CuNC nanocomposites exhibited apparent 

electrocatalytic activity towards the selective reduction of oxygen to hydrogen 

peroxide via the 2e- ORR route; and the sample prepared at 400 A for 10 s displayed 

the best performance among the series, with up to 90% selectivity for H2O2 

production, which was highly comparable to the leading results of relevant SACs 

reported in the literature. Such a unique property could be exploited for the on-site 

production of H2O2, a key ingredient in water treatment/disinfection, as demonstrated 

by the degradation of organic dye pollutants and eradication of waterborne pathogenic 

bacteria. Results of this study showcase the unique feasibility of MIH in the 

preparation of SACs as high-performance electrocatalysts. 
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Chapter 3 Ultrafast Modification of Metal Tetraphenyl porphyrin Complexes by 

Magnetic Induction Heating for the Selective Electroreduction of Oxygen to 
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3.1 Abstract 

The two-electron oxygen reduction reaction has emerged as an effective strategy to 

replace the anthraquinone process for the on-site production of hydrogen peroxide. 

Herein, copper and cobalt tetraphenyl porphyrin complexes are modified using 

magnetic induction heating to produce M-N-C nanocomposites. X-ray absorption 

spectroscopy, X-ray photoelectron spectroscopy, and Raman measurements confirm 

the retention of the metal-N4 coordination moiety.  In electrochemical tests the obtained 

single atom catalysts exhibit an apparent electrocatalytic activity towards the selective 

two-electron oxygen reduction to hydrogen peroxide in alkaline media, with a H2O2 

yield up to 90%. Such a unique property can be exploited for on-site water 

treatment/disinfection, as manifested in the effective degradation of methylene blue 

dye and removal of Escherichia coli (E. coli).  Results from this study highlight the 

unique potential of magnetic induction heating in the ultrafast production of functional 

nanocomposites as high-performance electrocatalysts. 

3.2. Introduction 

Hydrogen peroxide (H2O2) is listed as one of the 100 most important chemicals in the 

world that has found a wide range of applications, such as chemical manufacturing, 

wastewater treatment, and textile bleaching.1-3  At present, large scale H2O2 production 

relies predominantly on the industrial anthraquinone process that is inherently energy-

intensive and generates environmentally hazardous byproducts.4 Moreover, the storage 

and transportation of the concentrated H2O2 solutions (regularly >70 wt%) pose 



66 
 

significant personal safety and environmental risks, particularly in the event of a 

chemical spill.5, 6 However, most end-use applications demand significantly lower 

concentrations, ca. 30% for chemical synthesis, 6% for water treatment and 3% for first 

aid disinfectant,7 which has motivated the development of decentralized onsite H2O2 

production methods.  Here the two-electron (2e- ORR) has emerged offering 

sustainable and scalable H2O2 production under mild conditions.8 The major hurtle in 

this electrochemical approach is the selectivity of the 2e- pathway (O2 + 2H+ + 2e− → 

H2O2) over the 4e- one (O2 + 4H+ + 4e− → H2O).9, 10  Mechanistically the two methods 

are governed by the O2 binding configuration to the catalytic active site.11 The 2e- 

pathway is facilitated by end-on binding of the O2 molecules onto the catalytic active 

centers leading to a formation of the *OOH intermediate and partial reduction to H2O2, 

while the 4e- pathway favors a side-on binding which causes a stretching of the O-O 

bond and leads to its breakage and complete reduction to H2O.12 These considerations 

underscore the importance of active site design to stabilize favorable reaction 

intermediates and suppress the O-O bond dissociation. To date, noble metal-based 

nanoparticles have demonstrated the highest activity towards selective 2e- ORR. For 

instance, PtHg4 alloy nanoparticles have been the benchmark catalyst exhibiting  

selectivity over 95% at low overpotential () of -60 mV towards 2e- ORR for H2O2 

production in alkaline media.13 Similarly, PdAu alloy nanoparticles display a high 

activity in acidic media and >90% selectivity at a moderate overpotential of -100 mV.14 

Nevertheless, the  high cost and limited natural abundance of the precious metals hinder 

the widespread applications of these noble metal-based catalysts. Consequently recent 
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efforts have been increasingly focused on the development off carbon-based 

nanocomposites with earth-abundant transition metals, such as Co, Cu, and Ni, which 

offer a promising balance between catalytic performance, cost and scalability.15, 16 For 

instance, Yu et al.17 prepared copper/carbon nanocomposites by controlled pyrolysis of 

a copper-containing metal organic framework and observed an apparent 

electrocatalytic activity towards 2e- ORR in alkaline media, which was markedly 

enhanced by electrochemical activation, with the selectivity increased from ca. 45% to 

68% (at +0.1 V), due to the enrichment of the Cu2O species. Wang et al.18 prepared 

nanocomposites consisting of cobalt-doped carbon nanotubes and MXenes, This was 

done by the formation of MXenes via hydrofluoric acid stirring of Ti3AlC2 followed 

by the aqueous mixing and pyrolysis of the MXenes, dicyandiamide and Co precursors 

to produce a bamboo like carbon nanotube structure. Which possessed a high 

electrocatalytic activity towards 2e- ORR at 95% selectivity, by tuning the extranuclear 

Co electrons at the Co-NCNT/MXene interface and hence modulating the *OOH 

binding energy. Carbon-based single atom catalysts (SACs) represent another viable 

option with significant promise, where the high selectivity for 2e- ORR can be 

facilitated by the spatial separation of the active sites thusly end-on adsorption of 

intermediates are favored. Among these, metal-nitrogen-codoped carbon (M-N-C) 

nanocomposites that feature porphyrin-like metal-N4 moieties have been attracting 

particular attention.19, 20 For instance, Cu-N-C and Co-N-C have been identified as 

some of the most promising SACs.  Ye et al.21 prepared Cu-N-C and Co-N-C  

nanosheets via the wet injection of a polystyrene emulsion with the metal precursors 
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followed by mixing and pyrolysis.  They observed a high current density of 2.15 mA 

cm-2 and near 100% selectivity towards 2e- ORR in 0.1 M KOH, as compared to Cu 

nanoparticles, due to increased side-on O2 binding.  Similarly, Zhu et al.22 synthesized 

CoN4 nanocomposites by the aqueous mixing of a covalent triazine framework, CTF-

B, and Co precursor followed by a dual heating step under Ar and then CO2.  After 

which they observed spin state modulation via the Co-N bond length and were able to 

mitigate the normally high *OOH adsorption on CoN4 by a increase of the Co spin state 

reaching a 2e- ORR selectivity of 91%.  In these earlier studies, the M-N-C 

nanocomposites were prepared by controlled pyrolysis which is time and energy 

intensive and typically contained a mix of nanoparticulates and single atom moieties. 

Recently, magnetic induction heating (MIH) has emerged as an ultrafast synthesis 

technique that utilizes the instant generation of an eddy current when a conductor is 

immersed into a strong AC magnetic field to heat a metal surface reaching a 

temperature over 1000 °C within seconds.23  Such Joule heating can be readily 

controlled by the induction current and heating time.24 This has indeed been 

demonstrated in several recent studies in the preparation of a variety of functional 

nanocomposites that exhibited unprecedented electrocatalytic activity towards 

hydrogen evolution reaction (HER) and oxygen evolution reaction (OER), e.g., FeNi 

spinels with a good mixing of the Fe and Ni phases,25 defective carbon-encapsulated 

Co nanoparticle composites,24 amorphous chlorophyllin derived CuN4 

electrocatalysts26 and mixed phase titanium suboxide.27 This was largely ascribed to 
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the rapid heating that resulted in the formation of nonequilibrium structure and/or 

incomplete thermal decomposition of the precursors.  

 

Figure 1. Skeletal model of copper tetraphenyl porphyrin and cobalt tetraphenyl 

porphyrin  

Herein, metal tetraphenyl porphyrins (MTPP, Figure 1), a porphyrin derivative with a 

metal center chelated to four pyrrolic N (MN4), was treated with MIH at controlled 

induction currents for 10 seconds. The obtained M-N-C nanocomposites exhibited an 

excellent performance towards the selective 2e- ORR to H2O2 in alkaline media.  This 

was due to the rapid heating that facilitated the retention of the MN4 moiety of MTPP 

which is known to be catalytically active towards 2e- ORR.28-31, Electrochemical 

measurements showed that the CuTPP at 300 A for 10 s stood out as the best among 

the series and possessed a selectivity up to 89% of H2O2 yield and CoTPP 200A with a 

selectivity of 85%, a unique activity that could be exploited for the on-site effective 

degradation of organic dye and electrochemical disinfection of water. 
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3.3. Results and Discussion 

3.3.1 Structural characterizations 

First structural insights were gathered from XPS measurements. From the survey 

spectra (Figure 2), the Co 2p, O 1s, N 1s, and C 1s electrons can be readily resolved at 

ca. 780, 530, 400, and 284 eV for all the CoTPP samples.  

 

Figure 2. XPS Survey spectra of the (a) CuTTP and (b) CoTPP sample series. 

From the integrated peak areas, the elemental contents can be estimated and 

compared (Tables 1-4), the peaks can similarly be found for the CuTPP samples with 

the removal of the Co 2p peak and the addition of the Cu 2p ca. 932 eV. 
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Table 1. Elemental contents (at%) of the CuTPP series from XPS measurements 

Peak CuTPP CuTPP-200 CuTPP-300 CuTPP-400 

C 

1s 

C=C 20.62 41.84 43.93 48.99 

C-C 35.6 38.68 34.98 32.91 

C-N/O 14.3 3 3.4 3.02 

C=N/O 8.88 3.25 1.13 3.27 

Total C 79.4 86.77 83.44 88.19 

N 

1s 

N-Cu 2.28 4.77 3.3 3.93 

Pyrrolic 2.13 0.37 0.25 0.33 

Total N 4.41 5.14 3.55 4.26 

O 

1s 

C=O 10.66 5.97 10.71 5.52 

C-O 4.7 0.75 1.4 1.39 

Total O 15.36 6.72 12.11 6.91 

Cu 4.85 3.81 3.94 6.36 
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Table 2. Elemental contents (at%) of the CoTPP series from XPS measurements 

Peak CoTPP CoTPP-150 CoTPP-200 CoTPP-300 

C 1s 

C=C 31.23 22.28 37.36 31.23 

C-C 46.94 31.86 25.33 18.06 

C-N/O 7.74 10.42 13.1 14.71 

C=N/O 2.25 11.86 x x 

Total C 88.16 76.42 75.79 64 

N 1s 

N-Cu 1.79 6.87 7.31 4.39 

Pyrrolic 2.28 0.48 0.57 0.45 

Total N 4.07 7.35 7.88 4.84 

O 1s 

C=O 4.48 9.67 2.16 9.39 

C-O 2.42 4.92 12.19 20.7 

Total O 9.18 15.07 14.92 30.54 

Co 

2p 

Co3+ 0.76 0.9 0.89 0.55 

Co2+ 0.19 0.82 1.07 0.48 

Total Co 0.95 1.72 1.96 1.03 

 

 

 

 



73 
 

Table 3. Binding energies (eV) of all elements of the CuTPP series from XPS 

measurements 

Peak CuTPP CuTPP-200 CuTPP-300 CuTPP-400 

C 1s 

C=C 284.07 284.28 284.21 284.27 

C-C 284.80 284.80 284.80 284.80 

C-N/O 285.94 287.24 286.54 287.20 

C=N/O 287.96 291.30 291.08 291.26 

N 

1s 

N-Cu 397.76 397.72 397.85 397.72 

Pyrrolic 399.00 400.74 400.90 400.71 

O 

1s 

C=O 531.47 531.47 531.63 531.46 

C-O 532.80 532.53 533.25 532.02 

Cu 

2p 

Cu2+ 

2p3/2  934.01 934.09 934.20 934.03 

Satilite 940.60 940.57 940.77 940.12 

Satilite 943.52 943.09 943.64 943.43 

Cu2+ 

2p3/2 953.80 953.92 953.99 953.77 

Satilite  961.77 962.17 962.43 962.46 

 

 



74 
 

Table 4. Binding energies (eV) of all elemental components of the CoTPP series from 

XPS measurements 

Peak CoTPP CoTPP-150 CoTPP-200 CoTPP-300 

C 1s 

C=C 284.22 284.08 284.13 284.10 

C-C 284.80 284.80 284.80 284.80 

C-N/O 286.29 285.71 286.96 286.97 

C=N/O 291.27 287.76 x x 

N 1s 

N-Cu 397.60 397.79 397.80 397.80 

Pyrrolic 398.90 400.43 400.76 400.85 

O 1s 

C=O 531.66 531.36 531.32 531.28 

C-O 532.95 533.18 532.84 532.28 

Co 2p 

Co3+ 2p3/2  779.36 779.76 779.67 779.71 

Co2+ 2p3/2 781.45 782.12 781.87 782.07 

Satilite 787.92 785.36 785.67 785.18 

Satilite X 788.73 789.06 787.98 

Co3+ 2p3/2  794.59 795.19 795.17 795.50 

Co2+ 2p3/2 795.38 797.33 797.56 797.45 

Satilite 803.38 801.15 801.46 800.97 

Satilite X 803.88 803.87 803.77 
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 From Figure 3, one can see the gradual increase in sp2 carbon:sp3 carbon in the 

CoTPP series, with a trend of and CoTPP-300 = 1.73:1 > CoTPP-200 = 1.47:1 > 

CoTPP-150 = 0.70:1 > CoTPP = 0.66:1, with a similar trend seen in the CuTPP 

samples.  This indicates a relative increase in graphitization and  the more electrically 

conductive C=C sp2 bonding and a removal of previously unreacted carbon ligands.36 

 

Figure 3. XPS C 1s Spectra of the (a) CuTTP and (b) CoTPP sample series. 

In Figure 4 the N-Cu and N-Pyrrolic peaks can be seen for all samples at 397.8 eV 

and 399.0 eV respectively, before heating, with a noticeable decrease in the pyrrolic 

peak after heating.   
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Figure 4. XPS N 1s Spectra of the (a) CuTTP and (b) CoTPP sample series. 

Indicating the removal of unbound nitrogen ligands.   In O1s of  Figure 5, there is no 

peak at 529-530 eV confirming that there was no metal oxide formation during the 

heating process.37   
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Figure 5. XPS O 1s Spectra of the (a) CuTTP and (b) CoTPP sample series. 

Figure 6a shows the corresponding Co 2p spectra of the CoTPP series. The CoTPP 

precursor can be seen to possess a doublet at 779.4/794.2 eV due to the 2p3/2/2p1/2 

electrons that can be further split into Co3+/Co2+ at 779.4/781.5 eV and 794.6/795.4 

eV.24, 38 Similar peaks can be seen in the heated samples with the noticeable increase 
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in the amount of Co2+ and their corresponding shoulders at 785.4 eV/803.8 eV. 

 

Figure 6. (a) High-resolution XPS scans of Co 2p of the CoTPP samples. Black curves 

are experimental data, and colored curves are deconvolution fits. (b) Raman spectra of 

the CoTPP samples. (c) X-ray absorption near-edge spectra (XANES) of Co K and (d) 

corresponding Fourier transformed extended X-ray absorption spectra (FT-EXAFS) of 

CoTPP samples  

This increase in Co2+ of CoTPP-200 > CoTPP-300 > CoTPP-150 CoTPP aligns with 

the increase in 2e- ORR activity which aligns well with previous studies which have 

highlighted the Co2+N4 is more active towards 2e- while the Co3+N4 can be active 

towards 4e-.39, 40  Furthermore, the most active sample of CoTPP-200 also exhibited the 
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N/Co ratio closest to the ideal of 4, with CoTPP = 4.28, CoTPP-150 = 4.27, CoTPP-

200 = 4.02, and CoTPP-300 = 4.70.  The increased coordination number in CoTPP and 

CoTPP-150 can be attributed to additional axial ligand binding.  Unlike the CuTPP 

where a coordination number greater than 4 requires significant modifications, CoTPP 

can readily bind ligands in the axial position leading to an increased coordination 

number.41  However, the CoN4 has been highlighted as more favorable for the 2e- 

ORR.42  Furthermore the sharp increase in coordination number of CoTPP-300 can be 

attributed to the loss of total cobalt going from CoTPP-200 = 1.96% to CoTPP-300 = 

1.03%, indicating that overheating begins to damage the ring and remove the metal 

center. Figure 7 shows the corresponding Cu 2p spectra of the CuTPP series where a 

dominate doublet at 934.0/953.8 eV due to the 2p3/2/2p1/2 electrons of Cu2+   can be seen 

with the corresponding Cu2+ satellites can be found at ca. 943.0 and 962.8 eV, however 

no clear Cu0 or Cu1+ peak can be seen ca. 932 or 952 eV.17 Showing the original Cu2+ 

oxidation state was maintained and confirmed the heating did not cause oxidation.  

Additionally, the heating improved the N/Cu ratio to be closer to 4.  CuTPP = 4.85, 

CuTPP-200 = 3.81, CuTPP-300 = 3.94 and CuTPP-400 = 6.36.  This aligns well with 

what was seen in the CoTPP series, where the unreacted ligands being removed after 

heating improving the ratio but too much heating damages the bonds.  Again with the 

maintenance of the CuN4  lines up with the observed ORR activity with CuTPP-300 > 

CuTPP-200 > CuTPP-400 > CuTPP.  
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Overall, both sample series XPS indicate that heating will increase the graphitization 

of the material leading to a more conductive sample, along with the heating helping to 

clear the active site for optimized ORR activity but excessive heating can lead to 

degradation of the MN4 active site.  

 

Figure 7. High-resolution XPS scans of Cu 2p of the CuTPP samples. Black curves are 

experimental data, and colored curves are deconvolution fits. 
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Further structural insights were obtained from Raman measurements. From Figure 6b, 

the CoTPP precursor can be seen to exhibit a noisy signal likely coming from leftover 

ligands that are removed after heating and washing as in all of the treated samples a 

series of organic signals seen at δ(CbEt) and δ(CaNCa) at 1002 cm-1,26 C-C=C aromatic 

1184 cm-1,43 δ(CaH) and δ(CmH) 1226 cm-1,44 C-N-C symmetric vibration at 1370 cm-

1,45 and C-C=C aromatic 1578 cm-1.43 Along with Co-N signals at Co-N bending 202 

cm-1, 330 cm-1 and 396 cm-1 Co-N symmetric stretching and Co-N bending 640 cm-1.26, 

46 With only minor shifts in peak position between spectra except for the the 330 cm-1 

peak decreases in intensity until it almost disappears and the 396 cm-1 peak broadens 

noticeably and splinters into 3 overlapping peaks.  Both of these indicate that the 

heating has a significant effect on the CoN4 structure which aligns with the greater 

deterioration of 2e- ORR activity scene in CoTPP-300 and shifts in N/Co ratio seen in 

the XPS. 
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Figure 8. Raman spectra of the CuTPP samples. 

The CuTPP samples (Figure 8)  follow a similar trend with peaks becoming more 

defined after heating. With similar peak positions throughout shifted slightly, as would 

be expected with a different metal center.  Further confirming the production of the 

CuN4 structure. Furthermore D and G bands, and the ratio of the band intensity can be 

seen to increase with heating in both samples from CuTPP = 0.82 to CuTPP-200 = 1.48 

to CuTPP-300 = 1.49 to CuTPP-400 = 1.52 and CoTPP = 0.66 to CuTPP-150 = 0.77 to 

CoTPP-200 = 0.81 to CoTPP-300 = 1.08, suggestive of the formation of an increasingly 

defective carbon scaffold in both samples. This was in good alignment with the N:Cu 

ratio obtained in XPS measurements due to partial retention of the metal-N4 

coordination moiety. Further structural insights were obtained from XAS 

measurements. From the Co K-edge X-ray  absorption near edge structure (XANES) 
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In Figure 6c all CoTPP sample show a similar transition of 7714 eV 1s →4p indicating 

D4h symmetry found in square planar geometry.47  Notably this peak is greatly 

diminished in the CoTPP-300 sample indicating damage to the ring inhibiting the 1s 

→4p transition.48  Similarly for the Cu K-edge profiles in Figure 9a, all CuTPP samples 

display a strong peak at 8985 eV that is typical of Cu2+ specifically of a 1s→4pxy 

electron transition indicative of square planar geometry.49   

 

Figure 9. a) X-ray absorption near-edge spectra (XANES) of Cu K and 

corresponding b) Fourier transformed extended X-ray absorption spectra (FT-

EXAFS) of CuTPP samples 

There is comparatively little shift in this peak compared to the 7714 eV signal 

supporting that the CoN4 structure is more thermally responsive than the CuN4 

structure. Notably, the Cu+ peak that is typically seen at 8982 eV for Cu+ chelated to 

nitrogen ligands is absent in all samples.49, 50  In the corresponding Fourier-

transformed extended X-ray absorption fine structures (FT-EXAFS) are shown in 

Figure 6d, all CoTPP samples can be seen to exhibit a dominate peak at 1.5 Å, 
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corresponding to the known length of the Co-N path.42, 51 Furthermore, the fitting of 

these peaks (Table 5, Figure 10) series there were significant shifts with CoTPP-150 

having an effective pair distance of 1.90 Å and CN of 4.3, CoTPP-200 having and 

effective pair distance of 1.91 Å and CN of 4.0 and CoTPP-300 having an effective 

pair distance of 1.88 and CN of 3.7.   

 

Figure 10. Fitting results of the Co K-edge EXAFS of the CoTPP sample series. 
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Table 5. Fitting results of the Co K edge XAS spectra of the samples series 

Samples Peak Effective Pair Distance (Å) σ2 CN 

CoTPP-

150 

Cu-N 1.901 0.004 4.343 

Co-C 2
nd

 shell 2.689 0.011 8.274 

CoTPP-

200 

Cu-N 1.910 0.004 4.023 

Co-C 2
nd

 shell 2.609 0.008 18.312 

CoTPP-

300 

Cu-N 1.880 0.004 3.730 

Co-C 2
nd

 shell 2.624 0.008 22.232 

 

Again, this aligns with the previous XPS and ORR activity indicating some axial ligand 

binding in the CoTPP-150 sample that is removed in CoTPP-200 followed by minimal 

damage to the ring structure in CoTPP-300.  Furthermore the 2nd shell defects can be 

seen in the CoTPP series as well, where the coordination number went from CoTPP-

150 = 8.3 very close to the ideal of 8 to CoTPP-200 = 18.3 and CoTPP-300 = 22.2.  

This along with the EXAFS data becoming smoother with the higher heating indicates 

a more disordered environment which is in good agreement with the D/G ratio from 

the Raman measurements.  Additionally, all CuTPP (Figure 9b) samples can be seen 

to exhibit a similar though more consistent profile, with a dominant EXAFS peak at ca. 

1.6 Å for the Cu-N path.50   
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Figure 11. Fitting results of the Cu K-edge EXAFS of the CuTPP sample series 

Table 6. Fitting results of the Cu K edge XAS spectra of the samples series 

Samples Peak Effective Pair Distance (Å) σ2 CN 

CuTPP-

200 

Cu-N 1.953 0.004 4.002 

Cu-C 2
nd

 shell 2.521 0.010 9.123 

CuTPP-

300 

Cu-N 1.952 0.003 4.001 

Cu-C 2
nd

 shell 2.470 0.006 17.228 

CuTPP-

400 

Cu-N 1.951 0.005 3.999 

Cu-C 2
nd

 shell 2.624 0.007 11.431 

 

Furthermore, fitting of these peaks (Table 6, Figure 11) yields a coordination number 

(CN) of 4 and an effective pair distance of 1.95 Å for all the CuTPP samples, for these 

first shell fittings the effective pair distance is also the bond length giving us a bond 

length of 1.95 Å for the primary Cu-N bond.   
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This further confirms that the CuN4 structure was retained during MIH treatment thanks 

largely to the rapid heating.  Additionally in the 2nd shell Cu-C interaction the increased 

graphitization can be observed, CuTPP-200 has a CN of 9.1 close to the ideal of 8, 

while CuTPP-300 increases to 17.2 and CuTPP-400 to 11.4. This indicates significant 

shifts in the outer carbon shells while maintaining the core CuN4 structure.  Overall, 

results from the XAS measurements further confirmed that the CoN4 structure was 

enhanced by the MIH treatment, while the CuN4 moiety was retained by it, along with 

the outside carbon shells became increasingly defective. Additionally, excessive 

heating can cause damage to the metal-N4 structure as shown by CoTPP-300. With this 

we can conclude it was the unique metal-N4 SAC structure that was responsible for the 

remarkable 2e- ORR activity (Figure 12) in both CuTPP-300 and CoTPP-200.  

3.3.2 Electrocatalytic activity 

The electrocatalytic activity of the MTPP samples were evaluated with a rotating ring-

disk electrode (RRDE) in 0.1 M KOH. From the polarization curves in Figure 12a-b, 

all samples can be seen to exhibit an apparent electrocatalytic activity towards ORR, 

where nonzero voltametric currents started to appear as the disk potential was swept 

negatively. Yet the activity varied markedly among the series.  
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Figure 12. (a) RRDE ring and (b) disk voltammograms of CoTPP prepared at different 

MIH currents in oxygen-saturated 0.1 M KOH at the potential sweep rate of 10 mV s-1 

and rotation rate of 1600 rpm. (c) The corresponding H2O2 yield and (d) electron 

transfer number (n) at different electrode potentials before (solid lines) and after 

(dashed lines) exposure to 10 mM metal poisoning agents 

Specifically, the onset potential, which was defined as the potential to reach the disk 

current density of 0.1 mA cm-2, decreased in the order of CoTPP-300 (+0.71 V) > 

CoTPP-200 (+0.65 V) > CoTPP-150 (+0.64 V) > CoTPP (+0.61 V), and then the 

CuTPP samples showed a similar trend where (Figure 13) CuTPP-400 (+0.64 V) > 

CuTPP-300 (+0.63 V) > CuTPP-200 (+0.62 V) > CuTPP (+0.60 V). These onset 

potentials were remarkably close to the formal potential of +0.70 V for 2e- ORR.52   
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Figure 13. (a) RRDE ring and (b) disk voltammograms of CuTPP prepared at different 

MIH currents in oxygen-saturated 0.1 M KOH at the potential sweep rate of 10 mV s-1 

and rotation rate of 1600 rpm. (c) The corresponding H2O2 yield and (d) electron 

transfer number (n) at different electrode potentials before (solid lines) and after 

(dashed lines) exposure to 10 mM metal poisoning agents 

This trend indicates CoTPP has a higher intrinsic activity than CuTPP and the higher 

heating caused a greater graphitization of the material allowing for easier electron 

current flow.  A different trend can be seen with the collection current at the ring 

electrode, here when comparing currents at +0.46V the trend is CoTPP-200 (0.32 mA 

cm-2) > CuTPP-300 (0.30 mA cm-2) > CoTPP-300 (0.26 mA cm-2) > CuTPP-200 (0.26 

mA cm-2) > CuTPP-400 (0.23 mA cm-2) > CoTPP-150 (0.16 mA cm-2) > CuTPP (0.06 

mA cm-2) > CoTPP (0.05 mA cm-2).  The difference in these trends can be explained by 

the selectivity (Figure 12c,d) where the electron transfer number and H2O2 production 

% follow the same trend, where CuTPP-200 (2.21, 90% ) > CuTPP-300 (2.22, 89%) > 

CoTPP-200 (2.30, 85%) > CuTPP-400 (2.42, 79%) > CoTPP-300 (2.62, 69%) > 

CoTPP-150 (2.87, 56%) > CuTPP (2.96, 52%) > CoTPP (3.43, 28%).  Here we can see 
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that the higher disk current that can be seen in the higher heating of CoTPP-300 and 

CuTPP-400 are due to H2O production from low selectivity, which is supported by the 

CoTPP-300 onset being higher than the theoretical most positive value of +0.71V. This 

also suggests that the optimal induction currents for sample preparation are 200A for 

CoTPP and 300A CuTPP.  This difference in heating aligns with known features of the 

corresponding M-N4 sites in their respective tetraphenyl porphyrins, where CuTPP has 

a consistent coordination number of 4 coming only from the nitrogen and metal 

oxidation state of Cu2+.53 While CoTPP can regularly have a coordination number of 4 

or 5 due to increased axial binding of ligands from Co3+ vs Co2+,54 leading to greater 

thermal sensitivity of the CoN4 site vs the CuN4 site. To unravel the catalytic active 

site, metal poisoning tests were conducted using KSCN and EDTA.  The former is 

known to adsorb strongly onto metal sites whereas the latter is prone to chelation with 

single metal centers, where the blocking leads to apparent diminishment of the catalytic 

activity.55  Experimentally, when KSCN or EDTA (10 mM) was added into the 0.1 M 

KOH electrolyte (Figure 12a-b), RRDE tests showed that the onset potential shifted 

negatively for CuTPP-300 to +0.59 V for EDTA and +0.63 V for KSCN, and for 

CoTPP-200 it shifted to +0.65 V for EDTA and +0.60 V for KSCN. This was 

accompanied by a decrease of the disk current for CuTPP-300 to -0.63 mA cm-2
 for 

EDTA and -0.95 mA cm-2 for KSCN at +0.46 V and for CoTPP-200 it shifted to -1.09 

mA cm-2
 for EDTA and -1.04 for KSCN at +0.46 V. Indicating that the ORR activity 

was primarily due to the metal sites which could be effectively poisoned by the 

chelating agents. An even more significant change can be seen in the ring current at 
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+0.46V, which decreased for CuTPP-300 to 0.09 mA cm-2 for EDTA and 0.17 mA cm-

2 KSCN and for CoTPP-200 to 0.12 mA cm-2 for EDTA and 0.19 mA cm-2 KSCN.  In 

fact, the H2O2 yield (Figure 12c) diminished markedly to only 55% for EDTA and 

66% for KSCN in CuTPP-300 and 64% for EDTA and 47% for KSCN in CoTPP-200. 

The fact that a similar poisoning effect was observed with KSCN and EDTA further 

suggests that the ORR active sites were the metal centers atomically dispersed within 

the carbon matrix (vide infra). 

3.3.3 Disinfection applications 

 

Figure 14. (a) Methylene blue degradation by CuNC-400 at +0.46 V for 240 min in 0.1 

M KOH, in comparison to the blank control with a bare electrode. (b) E. coli control of 

electrochemical disinfection with a base electrode over 2 h (c) electrochemical 

disinfection using CoTPP-200 over 2 h 

The selective and abundant production of H2O2 can be exploited for on-site 

applications, namely the degradation of organic dyes and disinfection of water.  For the 

organic dye degradation, a 25 mg L-1 solution of MB in 0.5 M Na2SO4 was prepared 

and 75 mL was added into an electrochemical cell where the working electrode was 
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held at a potential of +0.46 V.  From Figure 14a, one can see that CoTPP-200 removed 

58.9% of the dye after 240 minutes of electrochemical treatment. By contrast, for a bare 

electrode, less than 5% of MB was removed under the same experimental conditions. 

While the CuTPP-300 (Figure 15) was able to degrade 53.7% of the dye. 

 

Figure 15. Methylene blue degradation by CuNC-400 at +0.46 V for 240 min in 0.1 M 

KOH, in comparison to the blank control with a bare electrode. 

Such a unique property could also be exploited for electrochemical disinfection of 

water. From Figure 14b, for the control experiment with a bare electrode (where the 

potential was held at +0.46 V), the E. coli cells exhibited a rather consistent growth 

curve with a lag phase of ca. 5.7 h and a final lag phase delay of 0.7 h after 120 minutes 
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of exposure. Yet the bacterial growth was markedly inhibited with a CoTPP-200 

modified electrode (Figure 14c), where the lag phase, which is the flat portion seen 

before the growth phase, can be seen to delay 3.4 h after 40 minutes of expose and 

complete inhibition after just 60 minutes of exposure.   

 

Figure 16. Electrochemical disinfection of E. coli using CuTPP-200 over 2 h 

While the CuTPP-300 (Figure 16) can be seen to delay 3.1 h after 40 min of 

electrochemical treatment, then to 9.7 h after 60 min and full inhibition after 80 min. 

This slightly higher inhibitory activity seen in CoTPP-200 is in line with its greater ring 

potential during seen in Figure 12. 

3.4. Experimental Section 
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3.4.1 Chemicals  

Ethylenediaminetetraacetic acid (EDTA, ≥99.0%, Aldrich), potassium thiocyanate 

(KSCN, 99.0%, Aldrich), nitric acid (HNO3, Aldrich), potassium hydroxide (KOH, 

Fisher Chemicals), Nafion®117 solution (5% in a mixture of lower aliphatic alcohols 

and water, Aldrich), and methylene blue hydrate (MB, Acros Organics) were all used 

as received. Water was purified with a Barnstead Nanopure Water System (resistivity 

18.3 MΩ cm) 

3.4.2 MTTP Synthesis 

Tetraphenyl porphyrin and MCl2 (M=Co or Cu) at a 1:1 molar ratio were dispersed into 

DMF, and solution was refluxed for 30 min before the addition of water to separate the 

products, which were collected via vacuum filtration then washed with water again.  

The solid produced was eluted with DCM and dried under a vacuum.  MTTP product 

was then purified via column chromatography using hexanes and DCM and dried again. 

3.4.3 MTPP-X Synthesis 

The MIH setup was described previously.32, 33 In a typical experiment, 20 mg of MTPP 

was mixed with 400 mg of NaCl in 1 mL of THF.  The solution was sonicated for 5 

min, heated under magnetic stirring at 40 C until the liquid had evaporated, and then 

placed in vacuum overnight to ensure solvent removal. The obtained solid was placed 

onto an iron sheet lined with graphitic paper in a glass tube that had been purged with 

Ar gas and subject to MIH treatment at controlled induction currents (X = 150-400 A) 

for 10 s.  After heating, the samples were washed with water, ethanol, acetone and THF 
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until a clear supernatant was produced, and the solids were dried under a vacuum 

overnight. The samples were then subject to acid leaching to remove metal oxides 

whereby 10 mg of the sample were dispersed in 10 mL of 1.0 M HNO3 under magnetic 

stirring at room temperature for 3 h, followed by rinsing with a copious amount of 

Nanopure water and a final drying. The resultant samples were denoted as MTPP-X. 

3.4.4 Characterization  

X-ray photoelectron spectroscopy (XPS) measurements were carried out with a 

Thermo Fisher K-alpha system, where the binding energy was calibrated against the C 

1s binding energy. Raman measurements were conducted using a Horiba Jobin Yvon 

Lab-RAM ARAMIS automated scanning confocal Raman microscope under 532 nm 

excitation.  XAS measurements were conducted at the temperature of 10 K using an 

Oxford liquid helium cryostat at beamline 4–1 of the Stanford Synchrotron Radiation 

Light source. The obtained XAS data were reduced, fitted, and analyzed with the 

RSXAP software.34 The Fourier Transform range was 3.5–11.5 and the fit range was 

1.2-2.6. The theoretical functions for the simulated structure and each path were 

calculated by WebAtoms.35 

3.4.5 Electrochemistry 

Electrochemical performance was examined with a CHI 710 electrochemical 

workstation in a three-electrode configuration using a Hg/HgO reference electrode, a 

graphite rod counter electrode, and a gold ring-glassy carbon disk working electrode 

(disk surface area 0.246 cm2). The reference electrode was calibrated against a 
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reversible hydrogen electrode (RHE), and all potentials in the present study were 

referenced to the RHE. The catalyst inks were prepared by dispersing 2 mg of the 

samples prepared above into a mixed solution containing 300 μL of ethanol, 700 μL of 

H2O, and 10 μL of Nafion under sonication for 30 min. Then 10 μL of the inks were 

dropcast onto the glassy carbon disk electrode surface and dried naturally at room 

temperature before being coated with 3 μL of 20 wt % Nafion. The catalyst loading 

was 0.204 mg cm-2.  

3.4.6 Methylene blue degradation 

MB degradation was performed using the three-electrode setup described above, with 

the addition of 25 mg L-1 MB in the 0.1 M KOH supporting electrolyte. The electrode 

potential was held at +0.46 V and the absorbance of the electrolyte solution was 

monitored at different time points with a UV-vis spectrometer.  A control experiment 

was conducted with the same setup but with no catalyst deposited onto the working 

electrode. 

3.4.7 Electrochemical disinfection of water 

Escherichia coli (E. coli) cells were grown in Luria−Bertani (LB) agar in a 37 °C 

incubator. A single colony was selected and used to inoculate 3 mL of LB broth and 

allowed to shake at 37 °C for 18 h. The resulting liquid was centrifuged at 5000 rpm 

for 5 min and resuspended in phosphate buffered saline (PBS) 3 times before being 

diluted to an optical density (OD) of 0.1 at 600 nm. Then 1 mL of the spiked PBS 

solution was diluted into 99 mL of sterile 0.5 M Na2SO4.  75 mL of this solution was 
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poured into the electrochemical cell, and the working electrode was held at the potential 

of 0.1 V for 1 h, with 10 mL aliquots removed every 20 min and pipetted into a 96-well 

plate along with 200 mL of sterile LB broth.  The 96-well plate was placed in a 

Molecular Device VERSA max microplate reader, where the OD was measured at 600 

nm every 10 min with intermittent shaking between each reading over a 24 h, 37 °C 

incubation period. 

3.5. Conclusions 

In this study tetraphenyl porphyrin was modified using MIH to form Cu-N-C and Co-

N-C catalysts for the 2e- ORR to H2O2. This heating method allowed for the formation 

of defective carbon supporting material while maintaining the core porphyrin meatl-N4 

motif allowing for the formation of SACs. The sample with the highest activity was the 

CuTPP-300 and CoTPP-200 which showed high selectivity to hydrogen peroxide 

production, and effective in direct application ability of organic dye degradation and 

electrochemical disinfection of E. coli cells in water. The results of this study show the 

ability of MIH to make controlled modifications to carbon structures that can be used 

for further catalyst development. 
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Heating for Enhanced Photodynamic Activity 

Reproduced with permission from (John Tressel, Alex Nguyen, Phat Nguyen, Colton 

Jones, Tianchen Cui, Abdelrahman Warshana, Kevin Singewald, Glenn Millhauser, 

Chad Saltikov, Shaowei Chen, “Ultrafast Synthesis of Titanium Suboxide via 

Magnetic Induction Heating for Enhanced Photodynamic Activity” Chemistry–A 
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4.1. Abstract  

Magnéli-phase titanium suboxides (TinO2n-1) have become a focal point of 

photocatalytic research due to a reduced band gap and enhanced visible light 

absorption, as compared to the traditional TiO2. Herein, P25 TiO2 is converted to 

mixed-phase TinO2n-1 via ultrafast chemical reduction with sodium borohydride using 

magnetic induction heating (MIH) at controlled currents for 12 s. The obtained samples 

exhibit an increasing fraction of Ti2O3 with the MIH current, from 26% at 200 A to 

69% at 600 A. Among the series, the sample prepared at 600 A shows the best 

photocatalytic activity for water purification as manifested in the degradation of 

organic dyes (methylene blue) and removal of waterborne pathogens (Escherichia 

coli), due to the photocatalytic reduction of oxygen to hydroxyl radicals. Results from 

this study highlight the unique potential of MIH in the ultrafast reduction of metal 

oxides into multiphase heterostructures and their application as high-performance 

catalysts. 

4.2. Introduction 

Titanium dioxide (TiO2) has been one of the most researched photocatalysts due to its 

low cost, excellent biocompatibility, and good photocatalytic activity.1, 2 However, one 

of the core attributes holding back the greater adoption of TiO2 is the dependency on 

ultraviolet (UV) light due to a large bandgap over 3 eV.3, 4 This greatly reduces its real-

world applications, as the solar spectrum consists only of about 5% ultraviolet light and 

applications would require a dedicated light source. As such there has been a 
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tremendous effort to enhance the visible light absorption of TiO2 via structural 

engineering.5-7 This is vital for photocatalytic water purification, as water borne 

pathogens kill an estimated 1.7 million people per year globally, and this is predicted 

to rise as antibiotic resistance increases in common diseases.8, 9 Towards this end, 

nanomaterials such as titanium suboxides (TSOs) offer a new pathway for efficient 

water treatment without increasing the risk of antibiotic resistance buildup.10-13 TSOs 

are commonly prepared by chemical reduction of TiO2 from Ti4+ to Ti3+ producing a 

mixed oxidation state.14-16  In the resultant substoichiometric TiO2-x, the structural 

defects (e.g., oxygen vacancies) can lower the bandgap and increase visible light 

absorption, leading to enhanced photocatalytic performance.17 Nevertheless, Ti3+ 

species are prone to oxidation when exposed to air, and need to be stabilized by 

appropriate structural engineering, such as formation of heterojunctions and 

heteroatom doping.  For instance, Zhao et al.18 prepared core@shell carbon-coated 

Ti4O7 and graphitic carbon nitride composites (Ti4O7@C/g-C3N4) by thermal annealing 

of TiO2 in a H2/Ar reducing atmosphere followed by controlled pyrolysis in the 

presence of melamine. The samples were found to degrade over 90% of rhodamine B, 

methylene blue and methyl orange under visible light irradiation for 3.5 h.  This activity 

was ascribed  to the formation of oxygen vacancies and Z-scheme heterojunctions that 

enhanced the separation of photogenerated electron-hole pairs. In another study, Fang 

et al.19 prepared Ti3+ self-doped TiO2 via thermal treatment of a titania sol prepared in 

the presence of NaBH4. They observed enhanced photocatalytic performance towards 

the degradation of organic dyes with the increasing content of the Ti3+ species. Han et 
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al.20 prepared boron-doped TiO2 nanodiamonds via a hydrothermal process, where 10% 

boron doping was found to be highly beneficial in the photocatalytic degradation of 

antibiotics, as boron dopants helped stabilize the structure during photocatalysis and 

assisted in the efficient generation of hydroxyl radicals.  This identification of such a 

moderate dopant concentration was in good alignment with previous studies that found 

excessive doping might induce structural disordering and compromise the catalytic 

activity.21 More recently the TiO2/Ti2O3 phase interaction was explored when, Hu et 

al.22 prepared Ti2O3@TiO2 core@shell particles by thermal annealing of commercial 

Ti2O3 in air. Where the TiO2 content increased by increasing the heating temperature 

from 100 to 700 ºC, and the sample prepared at 550 ºC exhibited the best photocatalytic 

activity under visible light irradiation towards the degradation of tetracycline (70% 

removal after 80 min), due to the formation of mixed-phase heterojunctions. Huang et 

al.23 produced Ag/Ti3+ /TiO2 composites via a two-step procedure where Ti3+ /TiO2 

nanoparticles were first prepared by calcination treatment of P25 TiO2 in the presence 

of NaBH4, followed by the deposition of Ag nanoparticles by chemical reduction of 

Ag+ with ascorbic acid. The materials were found to feature a low band gap of 1.14 eV, 

and Ti3 + served as the key active sites for hydroxyl radical production. This led to 

much enhanced photocatalytic activity, with 90% of carbamazepine removed within 10 

min and more than 90% inactivation of Escherichia coli ( E. coli ) after 5 h‘s visible 

light irradiation, a performance almost twice that of the Ti3+-free control. Bletsa et al.24 

prepared TSO/polymer composites where the high biocompatibility of TSO was 

exploited for the effective removal of biofilms from medical devices, as demonstrated 
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in the effective eradication of biofilms of E. coli , Pseudomonas aeruginosa ( P. 

aeruginosa ) and Staphylococcus aureus ( S. aureus ) after only 90 min‘s visible light 

exposure. This was ascribed to the Ti3+ sites for their vital role in band gap reduction, 

visible light absorption and production of reactive oxygen species (ROS). 

TSOs can also be utilized for other (photo)chemical applications. For instance, Han 

et al.25 synthesized carbon-doped TiOx via a thermal oxidation of Ti3SC2.  The resulting 

materials exhibited a concentration of Ti3+ as high as 73% of titanium and excellent 

photocatalytic efficiency towards nitrogen fixation to NH3 at a rate of 109.3 mmol g−1 

h−1 under visible light irradiation.  Yu et al.26 reported the synthesis of Magnéli-phase 

TSOs by flash spark plasma sintering, which exhibited enhanced ambient electrical 

conductivity and thermoelectric properties as compared to those by conventional spark 

plasma sintering.  Notably, Magnéli-phase TSOs with a minimal band gap of under 0.2 

eV can also be utilized in electrochemistry and battery technologies due to their high 

electrical conductivity.  For instance, Liu et al.27 prepared a sulfur-doped Ti4O7 cathode 

via thermal reduction of TiO2 followed by sonication and condensation of carbon 

disulfide and observed an ultralow degradation of only 0.09% per battery cycle in a 

lithium-sulfur battery.  

In these earlier studies, TSOs were mostly prepared by conventional thermal 

procedures that are energy- and time-consuming, with limited transformation of Ti4+ to 

Ti3+ . In this work, Magnéli- phase TSOs were prepared by ultrafast synthesis based on 

magnetic induction heating (MIH) of P25 TiO2 in the presence of NaBH4. This was to 

take advantage of the instant generation of an eddy current when a conductor was 
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immersed into a magnetic field that could heat up the substrate to a temperature over 

1000 ºC within seconds allowing for the production of nonequilibrium/defective 

structures.28-35 Indeed, the obtained samples contained mixed phases of TiO2, Ti4O7 

and Ti2O3, due to partial reduction of Ti4+ to Ti3+. The structural modification led to a 

diminishment of the material’s bandgap and enhanced visible light absorption, 

allowing for white light photocatalysis. Among the series, the sample prepared at 600 

A for 12 s exhibited the best performance towards water disinfection, as exemplified 

by the degradation of methylene blue and eradication of Escherichia coli (E. coli), due 

to unique band structures that facilitated the production of hydroxyl (⦁OH) radicals 

under visible light irradiation and the formation of a multiphase structure that was 

conducive to vectorial charge separation. 

 

 

 

 

 

 

 

 



113 
 

4.3. Results and Discussion 

4.3.1 Structural characterization 

 

Figure 1. TEM images of (a,b) P25 TiO2, (c,d) TiO2-TF, (e,f) TiO2-300, (g,h) TiO2-

400, (i,j) TiO2-500 and (k,l) TiO2-600. Insets to (b), (d), (f), (h), (j) and (l) are the 

corresponding FFT patterns. 

The samples were prepared by MIH treatment of P25 TiO2 at select induction currents 

(X = 200 – 600 A) for 12 s and denoted as TiO2-X. A control sample was prepared by 

conventional heating with a tube furnace at the heating rate of 10 °C min-1 in a flowing 

nitrogen atmosphere 450 °C for 2 h and referred to as TiO2-TF. Details are included in 
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the Experimental Section. The sample structures were first examined by transmission 

electron microscopy (TEM) measurements.  For pristine P25 TiO2 (Figure 1a-b) the 

sample can be seen to feature a particle size of 20-25 nm and well-defined lattice fringes 

arising from a mix of the anatase and rutile phases, as manifested by the interplanar 

spacings of 1.9, 2.5 and 3.6 Å that can be ascribed to the anatase (200), rutile (101) and 

anatase (101) crystalline planes, respectively. High crystalinity and clear anatase planes 

are identifiable in the fast Fourier transform (FFT) patterns (inset to Figure 1b).36 Such 

crystalline domains can also be clearly resolved with TiO2-TF (Figure 1c-d). By 

contrast, after MIH treatment in the presence of NaBH4, the particles became markedly 

agglomerated and displayed new sets of lattice fringes. For instance, TiO2-300 (Figure 

1e-f),  TiO2-400 (Figure 1g-h),  and TiO2-500 (Figure 1i-j), now possesse a mix of 

anatase TiO2 and Ti4O7 with two different interplanar spacings of 2.7 and 3.6 Å, due to 

Ti4O7 (200) and anatase (101) planes; additioanlly, the FFTs show a decrease in clear 

crystal strucutres with fewer identifiable planes.37, 38 For TiO2-600 that was prepared at 

an even higher induction current (temperature) (Figure 1k-l), corundum Ti2O3 

crystalline domains became the dominant component.  Along with this is an increase 

in the clairity of the FFTs having three identiable planes of Ti2O3 (006), (1̅20), and 

(12̅6̅) incidating a more complete formation of the Ti2O3 strucutre as the heating 

progressed. These observations suggest effective transformation of P25 TiO2 into Ti2O3 

by MIH thermal reduction with NaBH4, with Ti4O7 being a key intermediate.39 The fact 

that the rutile phase vanished whereas the anatase phase remained visible might be 
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ascribed to the vastly different contents of anatase (ca. 80%) and rutile phases (ca. 20%) 

in pristine P25 TiO2.
36  

 

Figure 2. Photographs of the sample series: (a) P25, (b) TiO2-TF, (c) TiO2-200, (d) 

TiO2-300, (e) TiO2-400, (f) TiO2-500, and (g) TiO2-600. 

Notably, the sample color appearance exhibited a drastic change from a light sandy 

color of pristine P25 TiO2 to dark blue after thermal reduction by NaNH4; and the blue 

color became intensified with increasing MIH current (Figure 2). This signifies 

increasing reduction of Ti4+ to Ti3+ and the formation of TSOs. 
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Figure 3. (a) XRD patterns with standard references and (b) Raman spectra of the 

sample series. 

Consistent results were obtained from X-ray diffraction (XRD) measurements. Figure 

3a depicts the diffraction patterns of the sample series. One can see that P25 TiO2 

indeed consisted a mix of the anatase (A, JCPDS #21-1272) and rutile (R, JCPDS #74-

1984), with A(101) at 2q = 24.5º being the primary peak and R(110) at 26.7º being the 

clearest rutile peak.  Upon MIH treatment, the peaks were markedly broadened, and 

discerning speacific peaks became less clear. For TiO2-200, the anatase phase remained 

the dominant component with A(101) at 24.6º, A(004) at 37.1º, and A(105) at 53.6º, 

along with the emergence of a combined Ti4O7(032) (JCPDS #50-0787) and rutile (111) 
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peak at 41.8º, suggesting minimal impacts on the TiO2 structure at this temperature. 

For TiO2-300 that was prepared at a higher induction temperature, in addition to the 

anatase patterns, the Ti4O7 phase became intensified with diffraction peaks at 23.8º, 

28.3º, 32.2º, and 43.5º due to the (112), (102), (120), and (032) planes, respectively.27 

TiO2-400 exhibited similar patterns, whereas for TiO2-500, the diffraction patterns now 

resembled those of corundum Ti2O3 (JCPDS #44-1294) with the characteristic peaks at 

23.1º, 34.0º, 53.1º, and 61.8º due to the (012), (104)/(110), (116) and (300) planes and 

shrinking intesnity of the Ti4O7(120) and Ti4O7(112) peaks.  Finally, TiO2-600 shows 

the strongest Ti2O3 signals with the (104)/(110) doublet and the (116) peak being the 

dominate peaks, a telltale sign of a corundum Ti2O3 strucuture.  These results suggest 

effective structural transformation of TiO2 by MIH treatment to corundum Ti2O3 with 

Ti4O7 being the structural intermediate, as the Ti4+ centers were increasingly reduced 

to Ti3+.  For comparison, under conventional thermal annealing, the TiO2-TF sample 

displayed a pattern that was analogous to that of the TiO2-200 sample with anatase 

remaining the dominant phase, suggesting limited reduction of the P25 TiO2. This is 

likely because the relatively slow heating rate produced an H2-poor atmosphere from 

thermolysis of NaBH4, whereas during MIH the rapid heating led to the production of 

a burst of H2 and concurrently activation of TiO2 for reduction. It should be noted that 

a totally different phase transition has been documented to occur in thermal annealing 

without the addition of NaBH4 where anatase TiO2 is transformed to rutile at elevated 

temperatures.40 
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Such structural dynamics were also observed in Raman measurements. From Figure 

3b, pristine TiO2 exhibited five vibrational bands all characteristic of the anatase phase. 

The dominant lattice vibration at 144 cm-1 (Eg, which overlaps with the B1g vibration 

of rutile TiO2), O-Ti-O symmetric bending of O around Ti centers at 198 cm-1 (Eg), O-

Ti-O asymmetric bending within the TiO6 octahedra at 394 cm-1 (B1g), O-Ti-O 

symmetric and asymmetric stretching at 516 cm-1 (A1g+B1g), and Ti-O symmetric 

stretching at 636 cm-1 (Eg).
41, 42 Notably, after MIH treatment, the Raman features 

became markedly broadened and new bands emerged. For TiO2-200, the anatase 

vibrations shifted slightly to 152, 203, and 512 cm-1, with two new bands at ca. 419 

(A1g) and 598 cm-1 (B2g) that most likely arose from the Ti-O stretching of Ti4O7.
43-45 

TiO2-300 exhibited a similar profile where only the primary anatase peak remained but 

has broadened significantly to 154 cm-1 with the 203 cm-1 band no longer being 

distinguishable.  Furthermore, the Ti4O7 peaks continued to grow at 416 and 608 cm-1.  

For the TiO2-400 sample,  the anatase vibration at 150 cm-1 diminished in intensity, 

whereas TSO features became prominent at 264 and 426 cm-1 for Ti4O7/Ti2O3 and 604 

cm-1 for  Ti4O7.
46 For TiO2-500 and TiO2-600, the Ti2O3 vibrations became increasingly 

intensified at ca. 203, 272 and 495 cm-1.47, 48 These results suggest the formation of a 

mixed phase structure within the samples, as observed in the above TEM and XRD 

measurements. The broadening of the vibrational profiles was likely caused by the loss 

of lattice oxygen that facilitated the formation of amorphous/defective domains and the 

emergence of the suboxide species.  Table 1 lists the full width at half maximum 

(FWHM) of three major peaks that are found in all samples. One can see that for the 
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Eg peak at ca. 150 cm−1 , the FWHM initially increased with MIH temperature reaching 

a maximum with the TiO2 -500 sample and then declined somewhat with TiO2 - 600 

where suboxide species became dominant.  

Table 1. Peak positions and FWHM of three primary Raman peaks that are seen in all 

samples 

Sample Eg Anatase B1g/TSO 

A1g 

Anatase Eg/TSO B2g 

Peak 

position 

(cm-1) 

FWHM 

(cm-1) 

Peak 

position 

(cm-1) 

FWHM 

(cm-1) 

Peak 

position 

(cm-1) 

FWHM 

(cm-1) 

P25 144 12 394 29 636 28 

TiO2-TF 151 29 398 124 625 112 

TiO2-

200 

152 33 419 70 598 215 

TiO2-

300 

154 35 416 144 608 170 

TiO2-

400 

150 36 426 95 604 135 

TiO2-

500 

145 41 429 83 623 67 

TiO2-

600 

139 34 416 80 626 63 
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This aligns well with results from previous studies where increased heating and metal 

reduction increased the concentrations of Ti3+ and oxygen vacancies, hence producing 

a defective structure.19 For the anatase B1g /TSO A1g peak at ca. 410 cm− 1 , an almost 

bell-shaped trend can be seen of the FWHM with the maximum being TiO2-300, as the 

anatase structure became increasingly defective with increasing heating and 

concurrently the suboxide structure became progressively dominant, as observed in the 

above XRD and TEM measurements. This is further supported by the shift of the peak 

position from 394 cm− 1 (anatase) in P25 to 429 cm− 1 (mixed suboxides) in TiO2 -500 

and the splitting into 2 peaks at 416 cm− 1 for Ti4 O7 and 495 cm− 1 for Ti2 O3 in TiO2 -

600. The FWHM of the anatase Eg / TSO B2g peak at ca. 620 cm− 1 exhibited a similar 

trend. It has been observed previously that a partially defective crystal structure can be 

beneficial for photocatalysis, but excessive defects may actually trap charge carriers 

and impede charge separation compromising the photocatalytic activity (vide infra).49, 

50 The elemental composition and valence state of the samples were then examined by 

X-ray photoelectron spectroscopy (XPS) measurements.  
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Figure 4. XPS Survey Spectra of the sample series. 

From the survey spectra in Figure 4, the Ti 2p and O 1s electrons can be resolved at 

ca. 462 and 530 eV, respectively, with an additional peak at ca. 190 eV for the B 1s 

electrons for the thermally treated samples (the C 1s signals at ca. 285 eV likely arose 

from adventitious carbon, Figure 5).  
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Figure 5. High-resolution scans of the C 1s electrons of the sample series. 

The high-resolution scans of the Ti 2p electrons are shown in Figure 6a. It can be seen 

that the pristine P25 TiO2 exhibited a lone doublet at 458.92/464.58 eV due to the Ti4+ 

2p3/2/2p1/2 electrons; whereas for the thermally treated samples, a second doublet can 

be resolved at ca. 458.60/465.10 eV, in addition to the Ti4+ doublet at ca. 

459.00/465.00, confirming partial reduction of Ti4+ to Ti3+ in the samples (Table 2).51, 

52  
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Table 2. Binding energies (eV) of the sample series from XPS measurements  

Species P25 

TiO2-

TF 

TiO2-

200 

TiO2-

300 

TiO2-

400 

TiO2-

500 

TiO2-

600 

B 1s 

Interstitial B  187.86 187.44 186.85 187.21 187.21 186.69 

B-O  192.23 192.05 192.19 192.11 192.04 191.95 

C 1s 

C-C 284.8 284.8 284.8 284.8 284.8 284.8 284.8 

C-N/C-O 286.48 285.94 286.07 286.01 285.96 285.83 286.46 

C=N/C=O 288.88 289.01 288.82 288.82 289.08 288.92 288.94 

Ti 

2p 

Ti3+ 2p3/2  458.34 458.3 458.51 458.53 458.52 458.45 

Ti4+ 2p3/2 458.92 458.93 458.8 459.04 458.8 458.92 458.87 

Ti3+ 2p1/2  463.84 463.8 464.01 464.03 464.09 464.04 

Ti4+ 2p1/2 464.58 464.68 464.51 464.78 464.62 464.69 464.67 

O 

1s 

O-Ti 529.86 530.45 529.76 529.99 530.08 530.09 529.92 

O vacancy 531.27 531.93 531.5 531.77 531.66 531.56 531.71 

adsorbed O   533.08 533.22 535.89 533.07 533.26 

 

Furthermore, the fraction of Ti3+ can be seen to increase with increasing MIH 

temperature, 28% in TiO2-200, 26% in TiO2-300, 43% in TiO2-400, 57%% in TiO2-

500, and 69% in TiO2-600 (Table 3). This is in good agreement with the phase changes 

seen in the above XRD, TEM and Raman measurements. 
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Table 3. Elemental contents (at%) of the sample series from XPS measurements  

Species P25 

TiO2-

TF 

TiO2-

200 

TiO2-

300 

TiO2-

400 

TiO2-

500 

TiO2-

600 

B 

1s 

Interstitial B  2.06 0.24 0.45 1.04 0.91 0.96 

B-O  2.57 1.19 1.1 6.21 4.3 2.47 

C 

1s 

C-C 5.45 25.54 41.81 46.35 21.47 24.94 35.71 

C-N/C-O 1.65 6.74 7.22 11.72 8.02 8.33 2.65 

C=N/C=O 0.79 1.99 4.64 5.51 2.83 2.8 2.35 

Ti 

2p 

Ti3+ 2p3/2  2.92 2.06 1.09 4.53 6.23 8.92 

Ti4+ 2p3/2 20.1 9.11 5.17 3.16 6.01 4.7 4.05 

Ti3+ 2p1/2  1.32 0.93 0.49 2.04 2.81 4.03 

Ti4+ 2p1/2 9.31 4.12 2.33 1.43 2.72 2.13 1.83 

O 

1s 

O-Ti 59.13 29.68 18.75 11.38 26.94 26.3 26.38 

O vacancy 3.66 13.96 9.52 10.06 17.95 12.57 7.55 

adsorbed O   6.14 7.26 0.24 3.98 3.1 

 

The associated O 1s spectra are shown in Figure 6b, where the lattice O-Ti peak can 

be resolved at ca. 530.0 for all samples, along with oxygen vacancy at ca. 531.50 eV 

and surface-adsorbed oxygen species at ca. 533.22 eV.53, 54 Notably, for P25 TiO2, the 

Ti:lattice O ratio can be estimated to be 1:2.02, in excellent match with the expected 

stoichiometry of TiO2. Yet the ratio increased to 1:1.79 for TiO2-200, 1.84 for TiO2-

300, 1.76 for TiO2-400, 1.66 for TiO2-500, and 1.40 for TiO2-600 (Table 3), closely 
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matching what would be expected for the ratio to shift going from TiO2 to Ti4O7 then 

Ti2O3.  

 

Figure 6. XPS spectra of the (a) Ti 2p and (b) O1s electrons of the sample series. 

Meanwhile, the content of oxygen vacancy increased from ca. 3.66 at% in P25 TiO2 to 

9.52 at% in TiO2-200, 10.06 at% in TiO2-300, 17.95 at% in TiO2-400, 12.57 at% in 

TiO2-500, and 7.55 at% in TiO2-600.  
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Figure 7. Contact angles of 10 mL water droplets measured on the TiO2 sample series. 

 

This led to significant enhancement of the materials hydrophilicity, as evidenced in 

contact angle measurements. From Figure 7, P25 TiO2 can be seen to exhibit a contact 

angle of 58.8º  3.5º, which decreased markedly after thermal reduction to 25.3º  6.9º 

for TiO2-200 and further to 13.7º  7.6º for TiO2-600.   
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Figure 8. High-resolution scans of the B 1s electrons of the sample series. 

 

Figure 8 shows the B 1s scans. In contrast to the featureless profile of the P25 TiO2, 

all thermally treated samples possessed two species, interstitial B (B-Ti) at ca. 187.8 

eV and oxidized B (B-O) at ca. 192.5 eV (Table 2).55 This suggests that MIH treatment 

in the presence of NaBH4 led to the doping of B into the sample matrix, at a low doping 

level mostly under 1 at% (Table 3).56, 57  It has  been shown previously that slight boron 
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doping could stabilize Ti3+ where the Ti-O-B bonding interactions helped maintain the 

materials structure during catalysis and facilitate hydroxyl radical production.58  

 

Figure 9. (a) UV-vis diffuse reflectance spectra and (b) band structures with possible 

radicals produced by photocatalysis of the sample series. 

Results from the above measurements confirmed the successful formation of mixed-

phase TSOs with low B doping by MIH treatment in the presence of NaBH4. This 

structural transition was also evidenced in UV-vis diffuse reflectance spectroscopy 

(DRS) measurements. Figure 9a depicts the UV-vis diffuse reflectance spectra for the 

various samples. One can see that MIH treatment led to a significant increase of 

absorbance in the visible range, and the absorbance became intensified with increasing 

induction current, as compared to pristine P25 TiO2. In fact, from the Tauc plot in 

Figure 10, P25 TiO2 can be seen to exhibit a band gap of ca. 3.33 eV, which diminished 

drastically to 2.65 eV for TiO2-TF, 2.99 eV for TiO2-200, 2.55 eV for TiO2-300, 2.08 

eV for TiO2-400, 2.29 eV for TiO2-500, and 2.17 eV for TiO2-600.59, 60  
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Figure 10. Tauc plots of the samples derived from the UV-vis absorption profiles. 

Dashed lines represent linear extrapolations to the x axis. 

 

This is in good agreement with the emergence of TSOs (e.g., Ti4O7 and Ti2O3) after 

MIH treatment in the presence of NaBH4 and enhanced photodynamic activity towards 

E. coli, as detailed below. 
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4.3.2 Photodynamic activity 

 

Figure 11. Growth curves of E. coli (a) in the absence of catalysts under visible light 

irradiation for up to 3 h and (b,c) in the presence of TiO2-600 but (b) in the dark and 

(c) under visible light irradiation for up to 3 h. 

The photocatalytic activity of the samples towards eradication of water-borne 

pathogenic bacteria was then evaluated and compared. Figure 11a depicts the growth 

curves of E. coli under white light irradiation for up to three hours without the addition 

of any catalyst sample. It can be seen that photoirradiation alone did not impact the 

bacterial cell growth. Similarly, no variation of the bacteria growth was observed with 

the addition of TiO2-600 after 3 hours in the dark (Figure 11b), indicating the material 

is not active without light. Yet, upon photoirradiation for up to three hours, a clear 
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inhibition was observed in the presence of TiO2-600 with the growth phase being 

delayed from 6.3 h of incubation without light exposure to 15.3 h after 160 min of light 

exposure, and an almost complete lack of growth after 180 min (Figure 11c). In fact, 

with a generation time of ca. 41 min, the number of E. coli cells in the solution was 

reduced to less than 1.5% after irradiation. For comparison, P25 TiO2 exhibited only a 

minimal impact, with virtually no inhibition of the bacterial growth, most likely due to 

the large bandgap and low absorbance in the visible range.  

Figure 12. White light E. coli growth curves under white light irradiation in the 

presence of (a) P25, (b) TiO2-TF, (c) TiO2-200, (d) TiO2-300, (e) TiO2-400, and (f) 

TiO2-500. 

Yet the photodynamic activity was markedly enhanced with the samples thermally 

treated in the presence of NaBH4 (Figure 12), with the lag phase increasing in the order 
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of P25 TiO2 < TiO2 -TF ≈ TiO2 - 200 < TiO2 -300 < TiO2 -400 < TiO2 -500 < TiO2 -

600 (Figure 13 ).  

 

Figure 13. Lag phase delays for all samples after 150 minutes of white light irradiation 

calculated from White E. coli growth curves. 

These observations suggest that TiO2-600 stood out as the best photodynamic agent 

among the series, most due to the extensive reduction of Ti4+ to Ti3+ . A similar trend 

was observed in the photocatalytic degradation of methylene blue (Figure 14). 
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Figure 14. Photocatalytic degradation of methylene blue dye degradation in the 

absence and presence of varied samples under (a) white light irradiation and (b) as a 

dark control for 120 minutes.  

Consistent results were obtained in scanning electron microscopy (SEM) 

measurements.  
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Figure 15. SEM images of E. coli in the presence of TiO2-600 (a,b) after 3 h in the 

dark and (c,d) after 3 h of visible light irradiation. Panels (a, c) are the secondary 

electron images and (b, d) are the backscattered electron image.  

As seen in Figure 15a-b, the bacterial cell morphology remained largely intact in the 

presence of TiO2-600 after 3 hours in the dark; yet upon white light irradiation for 3 h 

(Figure 15c-d), apparent annihilation of the bacterial cells can be seen, where the cell 

membranes were shredded leaving behind pieces with no complete bacterial cells. This 

further confirms the effectiveness of TiO2-600 in eliminating E. coli in water via 

photocatalytic activity and not physical interactions.   
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4.3.3 Mechanistic study 

  

Figure 16. EPR spectra of the sample series with DMPO as the spin trap before (dotted 

curves) and after (solid curves) visible light irradiation for 3 h. 

Electron paramagnetic resonance (EPR) measurements were then carried out to unravel 

the mechanistic origin of the photodynamic activity.  From the spectra in Figure 16 

one can see that P25 TiO2 exhibited only a minimal intensity even after 

photoirradiation, whereas all thermally treated samples exhibited a much enhanced 

quartet after white light irradiation for 3 h within the magnetic field range of 3480 to 
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3540 G, in contrast to the profiles collected in the dark. The peak intensity ratio of 

1:2:2:1 and a g value of 2.005 suggest the formation of hyrodxyl radicals (•OH),61 and 

the •OH signals became intensified in the order of P25 TiO2 < TiO2-TF  < TiO2-200  ≈ 

TiO2-300 < TiO2-400 ≈ TiO2-500 < TiO2-600. This correlates well with the observed 

photodynamic activity, indcating that that hyrodxyl radicals (•OH) were indeed 

responsible for the antimcirobial activity. In Mott-Schottky analysis (Figure 17), all 

samples can be seen to exhibit a positive slope at various frequencies, indicating n-type 

semiconductor characteristics.62 From linear regressions of the profiles, the flat-band 

potential (Efb) can be estimated to be -0.60 V (vs. SHE) for P25 TiO2, -1.06 V for TiO2-

TF, -1.23V for TiO2-200, -0.99 V for TiO2-300, -1.16 V for TiO2-400, -1.10 V for 

TiO2-500, and -0.72 V for TiO2-600.63  
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Figure 17. Mott Schottkey plots of the various samples at different frequencies: (a) 

P25, (b) TiO2-TF, (c) TiO2-200, (d) TiO2-300, (e) TiO2-400, (f) TiO2-500, and (g) TiO2-

600. 

In conjunction with the bandgaps estimated from the UV-vis measurements, the 

conduction band (CB)/valance band (VB) can be determined to be at -0.60/+2.73 V for 

P25 TiO2, -1.06/+1.59 V for TiO2-TF, -1.23/+1.76 V for TiO2-200, -0.99/+1.58 V for 

TiO2-300, -1.16/+0.92 V for TiO2-400, -1.10/+1.19 V for TiO2-500 and -0.72/+1.45 V 

for TiO2-600, as illustrated in Figure 9b and listed in Table 4. Note that the VBs of 

the samples are all located at a less positive potential than the formal potential of water 

oxidation to •OH (E° = +2.74 V), suggesting that •OH would be unlikely to be produced 



138 
 

via water oxidation under photoirradiation; by contrast, the CBs are more negative than 

the formal potential of oxygen reduction to H2O2 (E° = +0.70 V) and H2O2 progression 

to •OH (E° = +0.73 V), suggesting that it is energetically favorable to produce such 

reactive oxygen species via oxygen reduction.64-67  

Table 4. Calculated band energies of the sample series  

Sample 

Band 

Gap  

(eV) 

Conduction Band/Flat Band 

(V vs SHE) 

Valance Band 

(V vs SHE) 

P25 3.33 -0.60 +2.73 

TiO2-TF 2.65 -1.06 +1.59 

TiO2-200 2.99 -1.23 +1.76 

TiO2-300 2.55 -0.99 +1.56 

TiO2-400 2.08 -1.16 +0.92 

TiO2-500 2.29 -1.10 +1.19 

TiO2-600 2.17 -0.72 +1.45 

 

This is indeed supported by results from scavenger experiments with tert-butyl alcohol 

(TBA), thiourea, and nitro blue tetrazolium (NBT) that are known to effectively quench 

hydroxyl radicals,68 hydroxyl radicals and hydrogen peroxide, and superoxide anions,61 

respectively. Specifically, in the absence of any scavenger, 39% of methyl blue was 

degraded by TiO2 -600 under visible light irradiation for 2 h. Yet, the degradation rate 

diminished drastically to ca. 19% upon the addition of TBA and 11% with thiourea, 
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whereas it only slightly to 34% with NBT (Figure 18). This indicates that hydroxyl 

radicals were likely the primary ROS produced via photocatalysis, with negligible 

contributions from superoxide anions. 

 

Figure 18. ROS scavenger testing in MB where 10mM of each scavenger was added 

to the 25ppm MB solution 

 

In addition, the charge carrier density (Nd) can be calculated from the slope of the Mott-

Schottky plots, where the TiO2-600 sample can be found to possess the highest value 

of 9.5 × 1018 cm-3, as compared to TiO2-500 at 1.7 × 1018 cm-3, TiO2-400 at 7.9 × 1018 

cm-3, TiO2-300 at 5.0 × 1018 cm-3, TiO2-200 at 1.3 × 1018 cm-3, and P25 TiO2 at 2.4 × 

1018 cm-3. It is likely that this discrepancy accounted for the different photodynamic 
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activities of the sample series, where a higher charge carrier density led to the formation 

of a higher concentration of •OH radicals.  

 

Figure 19. a) Transient photocurrents of the sample series under white light irradiation 

and b) extrapolated bar chart displaying the average of the induced photocurrents, 

measuring the difference in the currents 2 seconds before and 2 seconds after light 

exposure. 

 

In fact, in transient photocurrent measurements (Figure 19), TiO2-600 also displayed 

the greatest current response among the series. Additional contributions may arise from 

the enhanced hydrophicity of the samples,69-71 which was conducive to sample 

dispersion in water and production of reactive oxygen species, as well as B doping that 

was shown to stabilize the Ti3+ species.72 
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4.4. Experimental Section 

4.4.1 Chemicals 

P25 titanium dioxide (TiO2, Acros Organics), sodium borohydride (NaBH4, 99%, 

Sigma-Aldrich), 5,5-dimethyl-1-pyrroline N-oxide (DMPO, Millipore Sigma), and 

methylene blue hydrate (MB, Acros Organics) were all used as received. Water was 

purified with a Barnstead Nanopure Water System (resistivity 18.3 MΩ cm). 

4.4.2 Sample synthesis  

In a typical synthesis, 200 mg of P25 TiO2 was mixed with 75 mg of NaBH4 in a mortar 

and pestle until the mixture was a uniform fine white powder. 50 mg of the mixture 

was placed on an iron sheet lined with graphitic paper, which was placed on a fire brick 

in a quartz tube. The assembly was purged with ultrahigh-purity argon for 10 min 

before MIH treatment at controlled induction currents (X = 200 to 600 A) for 12 s.28-35 

After heating, the samples were washed with water, ethanol, and acetone, until a clear 

supernatant was produced with no bubbles, and denoted as TiO2-X.  A control sample 

was also produced in a tube furnace, where the P25/NaBH4 mixture was loaded onto a 

ceramic boat and heated in a tube furnace at a heating rate of 10 ºC min-1 in a nitrogen 

atmosphere at 450 °C for 2 h. The obtained sample, after being washed as outlined 

above, was referred to as TiO2-TF.   

4.4.3 Characterization 

TEM images were acquired with a Tecni G2 operated at 200 kV.  Raman measurements 

were conducted using a Horiba Jobin Yvon Lab-RAM ARAMIS automated scanning 
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confocal Raman microscope under 532 nm excitation. UV-vis absorption 

measurements were conducted with a Perkin-Elmer Lambda 35 spectrometer. XRD 

patterns were acquired with a Rigaku Smartlab diffractometer (Cu Ka radiation, l = 

0.154 nm). XPS measurements were carried out with a Thermo Fisher K-alpha system, 

where the binding energy was calibrated against the C 1s peak. Contact angles were 

measured with a Tantec CAM-PLUS contact angle meter. Electron paramagnetic 

resonance (EPR) measurements were conducted at room temperature with a Bruker 

ElexSys E500 spectrometer operating at the X-band frequency (∼9.8 GHz) using an 

ER 4122SHQE resonator. Experimentally, the TiO2 samples obtained above were 

dispersed in water at a concentration of 1 mg mL-1; and 63 mL of the dispersion was 

mixed with 7 mL of 1 M DMPO in water for a total volume of 70 mL, which was either 

wrapped in an aluminum foil to be left in the dark as controls or exposed to white light 

irradiation (100 W, 1000−1500 lumen with a peak emission of 365 nm, Dongguan 

Hongke Lighting Co., China) for 3 h before 10 mL of the dispersion was loaded into a 

1.5 mm O.D. borosilicate capillary tube (Friedrich & Dimmock Borosilicate Capillary). 

The capillary tube was then positioned at the center of the cavity within the resonator 

for data collection, where spectra were collected at the microwave power of 20.03 mW, 

modulation amplitude of 1 G, modulation frequency of 100 kHz, and conversion time 

of 20.48 ms, and background-subtracted using a blank capillary tube containing only 

water.  
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4.4.4 Electrochemistry  

Electrochemical measurements were carried out with a Gamry Reference 600 

instrument in a three-electrode setup.  The working electrode was a glassy carbon disk 

electrode with a surface area of 0.196 cm2, a graphite rod was used as the counter 

electrode, Ag/AgCl as the reference electrode, and 0.5 M Na2SO4 as the supporting 

electrolyte. Mott-Schottky analysis was performed within the frequency range of 500 

to 1000 Hz. Transient photocurrent measurements were performed at a constant 

potential of -0.25 V vs Ag/AgCl with and without white light photoirradiation. 

4.4.5 Methylene blue degradation 

In a typical experiment, 10 mg of the samples prepared above was added into 10 mL 

of a 25 ppm MB solution in water under magnetic stirring in the dark for 1 h to reach 

an adsorption-desorption equilibrium before the solution was exposed to white light 

photoirradiation. A series of aliquots (1 mL) was taken every 20 min, and the 

absorption spectra were acquired with a UV-vis spectrometer after centrifugation for 5 

min to remove solid materials. The degradation activity was determined by normalizing 

the absorbance to that prior to photoirradiation. 

4.4.6 Photochemical disinfection of water  

E. coli cells were grown in Luria-Bertani (LB) agar in a 37 °C incubator. A single 

colony was selected and used to inoculate 3 mL of LB broth and allowed to shake at 

37 °C for 18 h. The resulting liquid was centrifuged at 5000 rpm for 5 min and 

resuspended in phosphate buffered saline (PBS) 3 times before being diluted to an 
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optical density (OD) of 0.1 at 600 nm. Then 1 mL of the spiked PBS solution was 

diluted into 99 mL of sterile PBS, and 100 mL of this solution was added to 9.9 mL of 

PBS with 100 mg of the samples prepared above for a final concentration of 10 mg 

mL-1.  The vials containing the bacteria were then irradiated with white light for 3 h 

with 10 μL aliquots removed every 20 min and pipetted into a 96-well plate along 

with 200 μL of sterile LB broth. The 96-well plate was placed in a Molecular Device 

VERSA max microplate reader, where the OD was measured at 600 nm every 10 min 

with intermittent shaking between each reading over a 24 h incubation period at 37 

°C.  Growth curves seen in Figure 11 and Figure 12 are the averages of 3 tests with 

the standard deviations displayed as error bars. 

4.4.7 Scanning electron microscopy 

The change of E. coli morphology under photodynamic treatment was analyzed by 

scanning electron microscopy (SEM) measurements. Instead of being pipetted into the 

wells after 3 h of photoirradiation, the bacteria culture (5 μL) was dropcast onto an 

aluminum disk for imaging with a Thermo Scientific Apreo SEM instrument. 

4.5. Conclusion 

In this study, mixed-valance titanium (sub)oxides were produced by MIH-based 

ultrafast thermal treatment of P25 TiO2 in the presence of NaBH4. The resulting 

samples were found to consist of a mixed phase of TiO2, Ti4O7 and Ti2O3 and exhibit 

a reduced band gap and enhanced visible light absorption, as compared to the pristine 
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P25 TiO2. This allowed for effective white light photocatalysis. Notably as the TSO 

components increased with increasing induction currents (temperature), the 

photodynamic activity towards the inhibition of E. coli growth under visible light 

irradiation increased accordingly, due to the effective production of hyrodxyl radicals 

(•OH) from photocatalytic oxygen reduction. Results from this study showcase the 

capabilities of MIH in the ultrafast production of reduced metal oxides for high-

performance catalysis.  
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Chapter 5 Ultrafast Synthesis of Copper doped Titanium Suboxide via Magnetic 

Induction Heating for Enhanced Piezocatalytic Activity 
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5.1 Abstract 

Increasing environmental concerns about industrial wastewater demand new water 

treatment technologies. A viable solution to this is the development of potent 

piezocatalytic materials, capable of utilizing the ubiquitous mechanical energy to 

achieve high antibacterial and water disinfection activity. In this study, Cu-doped 

titanium dioxide (CuTiO) nanoparticles are first prepared by hydrothermal treatment 

of titanium butoxides in the presence of a calculated amount of cupric nitrate followed 

by thermal annealing in ambient condition. Subsequent treatment by magnetic 

induction heating in the presence of sodium borohydride leads to the production of 

copper oxide/titanium suboxides (CubTiO), which exhibit markedly enhanced 

piezoelectric properties, and the sample prepared at a Cu:Ti feed ratio of 4% 

(4%CubTiO) stands out with the highest piezoelectric coefficient (d33) of 92 pC N-1, 

due to the formation of CuO/TiO2-x heterojunctions. Under ultrasonic stimulation, the 

4%CubTiO sample effectively produces reactive oxygen species, such as superoxide 

anions and hydroxyl radicals, as confirmed by electron paramagnetic resonance 

measurements.  This property can be exploited for the eradication of waterborne 

pathogenic bacteria like Escherichia coli, where the growth of bacterial cells is 

inhibited completely by 4%CubTiO in under 60 min of sonication. Such a performance 

is drastically higher than those with various other metal precursors. Results from this 

work highlight the unique significance of structural engineering in enhancing the 

piezocatalytic activity of titanium suboxide nanostructures for antimicrobial 

applications. 
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5.2. Introduction 

With the explosion of industrial growth over the last century a corresponding wave of 

industrial water contamination has followed.  With the traditional water treatment 

options being effective but costly, it is imperative to develop next-generation water 

treatment agents where multiple actions can work collectively to inhibit bacterial 

growth and remove harmful chemical byproducts.1, 2 Towards this end, piezoelectric 

catalysis (piezocatalysis), which is based on materials with non-centrosymmetric 

crystal structures that can convert mechanical energy into piezoelectricity, has emerged 

as a viable technology for water disinfection. This works by utilizing the generated 

piezoelectric charge to drive a cascade of chemical reactions, such as the formation of  

reactive oxygen species (ROS),3, 4 which are well-known potent agents that can 

compromise the structural integrity of bacterial cell membranes, disrupt bacterial 

replication, and readily result in total bacterial inhibition.4-6 Towards this end, a wide 

range of piezoelectric oxide materials have been used for antimicrobial applications.  

Among these, whereas titanium dioxide (TiO2) is generally not known as a 

piezoelectric material due to a centrosymmetric crystal structure, the introduction of 

structural defects can break the centrosymmetry, leading to a markedly enhanced 

piezoelectric activity. For instance, Xia et al.7 prepared defective rutile TiO2 

nanoparticles by etching away the [MgO6] octahedra from MgTiO3 using NH4Cl 

molten salt. The sample exhibited a lattice distortion and a piezoelectric coefficient 

(d33) of 41.6 pm V-1 and was capable of degrading 96% of tetracycline hydrochloride 

after sonication for 1 h due to the generation of superoxide radicals. Titanium suboxides 
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(TSOs), the less commonly formed oxide species, have also shown great promise but 

have had comparatively limited investigations. TSOs are commonly prepared by 

chemical reduction of TiO2 producing a mixed oxidation state of Ti4+ and Ti3+.8-10
 In 

the resultant substoichiometric TiO2-x, the structural defects (e.g., oxygen vacancies) 

can lower the bandgap, increase visible light absorption, and importantly for 

piezoelectric applications form a non-centrosymmetric crystal structure.11, 12 

Nevertheless, Ti3+ species are prone to oxidation when exposed to air, and need to be 

stabilized by appropriate structural engineering, such as formation of heterojunctions 

and heteroatom doping. For instance, Han et al.13 prepared black TiO2-x via the partial 

reduction of TiO2 with aluminum that featured a distorted TiO2/TiO2-x core/shell 

structure.  Here the reduced outer layer was highlighted as vital for the formation of 

ROS because of its abundance of oxygen vacancies, and with the remarkable 

biocompatibility, the black TiO2-x could be used for in vivo sonodynamic and 

photodynamic therapy as manifested in complete tumor eradication after just 10 min of 

combined piezocatalytic and photocatalytic treatment. In another study, Zhang et al.14 

synthesized Co3O4@TiO2-x core@shell composites via solvothermal mixing and 

NaBH4 reduction which exhibited Z-scheme heterojunctions and a mixed oxidation 

state of both metal species (Ti4+/Ti3+ and Co3+/Co2+). This facilitated the donation of 

electrons from TiO2-x to Co3O4 and the efficient generation of both hydroxyl radicals 

and singlet oxygen under sonodynamic activation, a unique property that was exploited 

for the almost complete inhibition of tumor growth after just 5 min’s sonication.  Wang 

et al.15 employed a laser fusion technique to prepare metal-deficient TiO2/barium 



162 
 

titanate (BaTiO3) heterostructures for sonodynamic therapy, where the rich Ti3+ species 

helped narrow the band gap and expedite electron transfer within the sample. In fact, 

the surface potential was found to increase to -166.12 mV under sonication from -

157.12 mV in the absence of sonication, suggesting that the acoustically excited 

electros were accumulated on the sample surface. In in vivo studies it was found that 

the heterostructure eradicated over 99% of Staphylococcus aures in mice under 

sonication for 20 min, in comparison to ca. 77% with nondefective TiO2. 

In this study, copper-doped titanium oxide nanoparticles were first prepared via a 

hydrothermal procedure using titanium butoxide and cupric nitrate as the precursors. 

Subsequent treatment with magnetic induction heating (MIH) in the presence of NaBH4 

led to the formation of CubTiO heterojunction composites consisting of nanocrystalline 

CuO and TSOs in intimate contact. This was to take advantage of the instant generation 

of an eddy current when a conductor was immersed into a magnetic field that could 

heat up the substrate to a temperature over 1000 ºC within seconds.16-22 It was found 

that the formation of CuO and TSO heterojunctions dramatically increased the 

piezoelectric properties, and the sample prepared at 4% Cu to Ti feed ratio exhibited 

the highest piezoelectric coefficient (d33) of 92 pC N-1 among the series. Under 37 kHz 

ultrasonic stimulation, the 4%CubTiO sample exhibited a markedly enhanced 

antibacterial activity towards Escherichia coli (E. coli), with complete bacterial 

inhibition in less than 1 h, as compared to other samples at different Cu dopant 

concentrations and with different metal dopants.  This was ascribed to the efficient 
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piezocatalytic production of ROS like superoxide and hydroxyl radicals, as confirmed 

in EPR measurements. 

5.3 Results and Discussion 

5.3.1 Structural Characterization  

 

Figure 1. (a-d) Bright-field TEM images of 4%CubTiO at different magnifications. 

Scale bars are (a) 100 nm, (b) 50 nm, (c) 20 nm, and (d) 10 nm. STEM image and EDS-

based elemental maps of (e) all elements, (f) O, (g) Ti, and (h) Cu. Scale bars are all 

500 nm. 

The sample structures were first examined by TEM measurements (Figure 1a-c).  One 

can see that the 4%CubTiO sample consisted primarily of irregular particles about 50 

nm in size that clumped together into large agglomerates of around 200 nm. In high-

resolution TEM measurements (Figure 1d) the sample can be seen to exhibit 

nanocrystalline domains with clearly-defined lattice fringes featuring three interplanar 
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spacings of 1.9, 2.5 and 2.6 Å. The first can be attributed to the mix of the anatase 

TiO2(200) and CuO(112), the second to the CuO (111) and the third to the Ti2O3(110) 

planes.23-25 In the fast Fourier transform (FFT) patterns (Figure 2a), the Ti2O3 (006), 

(113), (110), and (116̅) planes can be readily resolved, confirming the successful 

formation of Ti2O3 by NaBH4 reduction,26 while the CuO patterns (Figure 2b) of (110) 

and (020) further confirmed the formation of a crystaline heterostructure.  

 

Figure 2. FFT images of corresponding highlighted areas in Figure 1d for (a) Ti2O3 

and (b) CuO 

 In the elemental mapping analysis based on energy-dispersive X-ray spectroscopy 

(EDS) (Figure 1e-h), the elements of Ti and O can be seen to exhibit an even 

distibution across the sample, whereas the Cu signals were more discrete and largely 

confined within nanoparticulates, in good agreement with the formation of CuO-Ti2O3 

heterojunctions.  
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Figure 3. EDS spectrum of 4%CubTiO in Figure 1. 

In addition, from the EDS profile (Figure 3), the elemental contents can be estimated 

to be ca. 64.2 at% for O, 33.7 at% for Ti, and 2.1 at% for Cu, largely in line with the 

initial Cu:Ti feed ratio. 
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Figure 4. (a) Raman spectra and (b) XRD patterns of the sample series before NaBH4 

reduction. 

Raman spectroscopy measurements were then carried out to further determine the 

structural characteristics. From Figure 4a, one can see that the (pre-reduced) CuTiO 

samples all exhibited five vibrational bands characteristic of anatase TiO2, with the 

dominant lattice vibration at 144 cm-1 (Eg, which overlaps with the B1g vibration of 

rutile TiO2), O-Ti-O symmetric bending of O around Ti centers at 198 cm-1 (Eg), O-

Ti-O asymmetric bending within the TiO6 octahedra at 394 cm-1 (B1g), O-Ti-O 

symmetric and asymmetric stretching at 516 cm-1 (A1g+B1g), and Ti-O symmetric 

stretching at 636 cm-1 (Eg).
27, 28  
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Figure 5. Zoomed-in Raman spectra of the prereduction samples to highlight the Cu 

oxide peaks. 
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In addition, two broad vibrations can be identified at ca. 245 and 322 cm-1 that can be 

attributed to the Ag and Bg1 modes of CuO, respectively, and the peaks became 

increasingly intensified with increasing Cu doping (Figure 5),29 indicating that the 

samples consisted of a mix of CuO and (anatase) TiO2.  

 

Figure 6. Raman spectra (a) and XRD (b) of the sample series after NaBH4 reduction 

 

Notably, after MIH reduction (Figure 6a), the CubTiO samples exhibited a dramatic 

shift of the Raman features, with the dominate peaks near 415 and 610 cm-1 that are in 

good alignment with the A1g and Eg modes of the Ti-O stretches of corundum-type 

Ti2O3.
30-32 Additional minor suboxide peaks can be seen at ca. 203 and 272 cm-1, along 

with the remaining small anatase peak of 145 cm-1.33, 34  However, due to the rise of 

these new suboxide peaks the CuO peaks now became indistinguishable. Nevertheless, 
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these results suggest the effective reduction of the CuTiO samples to TSOs in 

CubTiO.35  Notably the copper addition and reductions could be seen visibly in the 

samples as well (Figure 7).  

 

Figure 7. Photographs of sample series (a) TiO, (b) 1%CuTiO, (c) 2%CuTiO, (d) 

4%CuTiO, (e) 8%CuTiO, (f) bTiO, (g) 1%CubTiO, (h) 2%CubTiO, (i) 4%CubTiO, 

and (j) 8%CubTiO 

It can be seen that the TiO sample exhibited an ashen color, whereas the 1%CuTiO 

took on a faint green color and then the 2%CuTiO was darker green brown, and the 

4%CuTiO and 8%CuTio became progressively darker and browner. By contrast, the 

reduced samples (CubTiO) all displayed a dark brown/black shade and were not clearly 

distinguishable from each other. 

Consistent results were obtained from XRD measurements. From Figure 4b, one can 

see that the diffraction patterns of the CuTiO sample series closely match those of 

anatase TiO2 (A, JCPDS #21-1272), with the primary (101) peak at 2q = 24.5º. This 

closely corroborates what was seen in the above Raman measurements and confirms 
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the successful formation of TiO2 nanoparticles.  While no Cu-related diffraction 

patterns can be identified, the TiO2 peaks can be seen to exhibit increasing boradening 

with increasing Cu feeds, likely due to an increase of the lattice defects.  Upon MIH 

treatment (Figure 6b), a clear pattern shift occurred mirroring what was seen in the 

Raman spectra, with the emergence of new dominant features of a doublet at 33.1º 

(104)/34.8º (110) and a large sinlge peak at 53.7º (116) that are in line with the strucutre 

of corundum-type Ti2O3 (JCPDS #44-1294).  This backs up what was seen in the 

Raman measurments and confirms the successful reduction during the MIH step.35 

Additionally, a peak can still be seen at ca. 24.2º which is right in between the (012) 

peak of Ti2O3 (23.9º) and the anatase (101) peak (25.2º), indicating that some anatase 

remained in the sample but no longer the dominate phase.  Furthermore, new diffraction 

patterns can be seen to emerge with the CubTiO samples at ca. 36.1º and 39.8º that 

clsoely match the (111) and (022) peaks of CuO (35.8º and 38.9º), and the peak 

intensity increased with increasing Cu doping from 1%CubTiO to 8%CuTiO. The fact 

that these peaks shifted appreciably from the standard Ti2O3 and CuO profiles indicate 

rich structural defects of the samples due to the rapid heating of MIH.35 

The elemental composition and valence state of the samples were then examined by 

XPS measurements. From the survey spectra in Figure 8, the B 1s, Ti 2p, O 1s and Cu 

2p electrons can be resolved at ca. 190, 462, 530 and 933 eV, respectively (the peak at 

ca. 285 eV likely arose from adventitious carbon).  
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Figure 8. Survey Spectra of the sample series. 

The high-resolution scans of the Ti 2p electrons are shown in Figure 9a. All samples 

can be seen to possess two doublets, one at 458.6/464.6 eV due to the Ti4+ 2p3/2/2p1/2 

electrons and the other at ca. 458.1/463.6 eV for Ti3+, confirming the successful 

formation of TSOs in CubTiO (Table 1).35-37  
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Figure 9. XPS spectra of the (a) Ti 2p, (b) O 1s and (c) Cu 2p electrons of the CubTiO 

sample series. 
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Table 1. Binding energies (eV) of the sample series from XPS measurements  

Species 1%CubTiO 2%CubTiO 4%CubTiO 8%CubTiO 

B 1s Interstitial B 187.86 186.76 187.53 187.74 

B-O 191.93 191.83 191.67 191.89 

C 1s C-C 284.80 284.80 284.80 284.80 

C-N/C-O 285.90 286.11 286.05 285.99 

C=N/C=O 288.78 288.79 288.72 288.9 

Ti 2p Ti3+ 458.08 458.08 458.07 458.22 

Ti4+ 458.58 458.48 458.45 458.63 

Ti3+ 463.58 463.58 463.57 463.72 

Ti4+ 464.64 464.58 464.55 464.73 

Ti sat 471.09 471.1 471.03 471.16 

O 1s M-O 529.72 529.82 529.78 529.97 

OV/ adsorbed 

OH 

531.00 531.47 531.60 531.58 

Adsorbed H2O 532.58 532.99 533.4 534.03 

Cu 

2p 

Cu1+ 932.46 932.44 932.27 932.34 

Cu2+ 933.59 933.47 933.29 933.53 

Cu Sat 942.76 942.97 942.83 941.57 

Cu1+ 952.08 952.14 951.99 952.10 

Cu2+ 953.79 953.65 953.40 953.43 
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Furthermore, based on the integrated peak areas (Table 2), one can see that the Ti3+/Ti4+ 

atomic ratio increased with increasing Cu doping from 1.10 for 1%CubTiO to 1.35 for 

2%CubTiO, 1.47 for 4%CubTiO, and 1.55 for 8%CubTiO, suggesting that Cu doping 

facilitated the formation of Ti3+ likely due to the more labile reduction of Cu2+ to Cu0 

that mediated the Ti4+ reduction to Ti3+. Overall, this is in good alignment with results 

from the above TEM, Raman and XRD measurements.   

Table 2. Elemental contents (at%) of the sample series from XPS measurements  

Species 1%CubTiO 2%CubTiO 4%CubTiO 8%CubTiO 

B 1s 

Interstitial B 0.64 0.79 0.94 2.51 

B-O 2.33 3.87 1.4 4.99 

C 1s 

C-C 35.81 40.15 20.71 17.02 

C-N/C-O 10.71 6.95 27.8 10.18 

C=N/C=O 4.62 5.04 12.04 4.34 

Ti 2p 

Ti3+ 4.96 4.32 5.05 8.33 

Ti4+ 4.52 3.19 3.44 5.36 

Ti sat 0.73 0.62 0.36 1.14 

 

O 1s 

M-O 13.82 13.89 7.86 25.55 

OV/adsorbed 

OH 

10.2 12.6 

13.93 15.25 

Adsorbed H2O 10.93 7.87 5.38 3.19 

Cu 2p 

Cu+ 0.36 0.34 0.43 0.75 

Cu2+ 0.29 0.32 0.59 1.28 
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Cu2+ sat 0.08 0.07 0.06 0.13 

 

The associated O 1s spectra are shown in Figure 9b, where the lattice O-Ti peak can 

be resolved at ca. 529.8 for all samples, along with oxygen vacancy (OV) at ca. 531.5 

eV and surface-adsorbed oxygen species at ca. 533.2 eV.38, 39 Notably, the OV to O-Ti 

ratio was found to increase from 0.74 for 1%CubTiO to 0.91 for 2%CubTiO, 1.77 for 

4%CubTiO, and 0.60 for 8%CubTiO, again, suggestive of an increasingly defective 

oxide structure.35   

The Cu 2p spectra are shown in Figure 9c, where deconvolution yields two doublets 

at 932.4/952.1 and 933.3/953.4 eV that can be ascribed to the 2p3/2/2p1/2 electrons of 

Cu+/0 and Cu2+ (the corresponding Cu2+ satellite can be found at ca. 942.8 eV), 

respectively.40   
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Figure 10. Cu LMM XPS spectra of the sample series. 

Figure 10 shows the corresponding Cu LMM spectra, where only Cu+ and Cu2+ species 

can be resolved and Cu2+ was the dominant species, in good agreement with results 

from the above Raman and XRD measurements. In addition, the Cu content was 

estimated to be ca. 0.73 at% for 1%CubTiO and 2%CubTiO, 1.08 at% for 4%CubTiO, 

and 2.16 at% for 8%CubTiO, with a Cu:Ti atomic ratio of 0.07:1, , 0.09:1, 0.12:1 and 

0.14:1, respectively, in qualitive agreement with the initial feed ratios.  Overall, results 

from the XPS measurements confirm the effective reduction of the CuTiO samples to 

structurally defective CubTiO.   
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Figure 11. (a) UV-vis absorbance spectra of sample series after reduction treatment 

and (b) band structures with possible radicals produced by piezocatalysis of the sample 

series after reduction. 

The electronic structures of the materials were then examined by UV-vis absorption 

and Mott-Schottky measurements. Figure 11a depicts the UV-vis diffuse reflectance 

spectra of the sample series, where the visible absorbance of the samples increases 

drastically with Cu loading in the order of bTiO < 1%CubTiO < 2%CubTiO < 

4%CubTiO  8%CubTiO, suggesting diminishment of the materials bandgap.  In Mott-

Schottky analysis (Figure 12), all samples can be seen to exhibit a positive slope at 

various frequencies, indicating n-type semiconductor characteristics.41  
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Figure 12. Mott Schottkey plots with accompanied linear regression of the sample 

series: (a) 1%CubTiO, (b) 2%CubTiO, (c) 4%CubTiO, (d) 8%CubTiO and (e) bTiO 

From linear regressions of the profiles, the flat-band potential (Efb) can be estimated 

to be -0.61 V (vs. SHE) for bTiO,  -0.59 V for 1%CubTiO, -0.58 V for 2%CubTiO, -

0.56 V for 4%CubTiO, and -0.52 V for 8%CubTiO. The positive shift of the flat band 
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potential with Cu dopant concentration likely arose from increasing consumption of 

the majority carriers (electrons) by copper ions in the sample, such that the Fermi 

level (Ef) dropped further from the conduction band (CB).42 In conjunction with the 

bandgaps estimated from the UV-vis measurements, the CB/valance band (VB) can 

be determined to be at -0.61/+1.59 V for bTiO, -0.59/+1.41 V for 1%CubTiO, -

0.58/+1.34 V for 2%CubTiO, -0.56/+1.17 V for 4%CubTiO, -0.52/+1.18 V for 

8%CubTiO, as illustrated in Figure 11b.  The CB is sufficiently negative for both the 

production of superoxide radicals (E° = -0.33 V) as well as hydrogen peroxide (E° = 

+0.70 V), along with its decomposition into hydroxyl radicals (E° = +0.73 V), but the 

VB is not positive enough to allow for direct water oxidation to hydroxyl radicals (E° 

= +2.74 V).43-46  

5.3.2 Piezoelectric Activity  

 

Figure 13. (a) d33 coefficients and (b) average induced change in transient piezocurrents 

of the sample series. 
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Remarkably, the CubTiO samples exhibited drastically enhanced piezoelectric 

properties. Figure 13a shows the d33 coefficients of the sample series.  One can see that 

in contrast to the as-produced TiO sample (consisting primarily of anatase TiO2) that 

was essentially piezoelectrically inactive (d33 = 0), bTiO and the Cu-doped samples all 

possessed a non-zero d33 coefficient, likely due to thermal reduction that produced 

structural defects and broke the crystal symmetry and the formation of heterojunctions 

that facilitated charge transfer under sonication. In fact, two trends can be clearly seen. 

Firstly, upon chemical reduction by MIH treatment in the presence of NaBH4, the 

samples displayed a significantly greater d33 coefficient than the pre-reduction 

counterparts. Secondly, incorporation of CuO drastically enhanced the d33 coefficient 

of the samples reaching a maximum of 92 pC N-1 with 4%CubTiO and then decreasing 

with a further increase of Cu doping (e.g., 47 pC N-1 for 8%CubTiO). This suggests 

that 4%CubTiO possessed the optimal structure. Additionally, in comparison to bTiO 

mixed with other transition metal oxides (e.g., Mn, Fe, and Co) at the same feed ratio, 

4%CubTiO also exhibited a markedly higher piezoelectric activity (Figure 14), where 

the  d33 coefficient was significantly lower at 20 pC N-1 for 4%bMnTiO, 29 pC N-1 for 

4%bFeTiO, and 32 pC N-1for 4%bCoTiO.   
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Figure 14. d33 coefficients of the TiO2 and 4% doped samples before and after MIH 

reduction. 

Consistent results were obtained in transient current measurements under ultrasonic 

activation. From Figure 13b and Figure 15, one can see that the average piezocurrent 

varied in the order of 4%CubTiO > 2%CubTiO > 8%CubTiO > 1%CubTiO > bTiO. 

That is, the 4%CubTiO sample stood out with the highest piezoelectric activity.  

 



182 
 

 

Figure 15.  Transient piezocurrents of the sample series from Figure 13b. 

This aligned well with the piezoelectric property observed above. TiO2/CuO readily 

forms a n-p type heterojunction47 which can readily transfer electrons and induce a 

strong internal magnetic field, while TiO2/MnO2 and TiO2/Fe2O3 more readily form n-

n type heterojunctions that impeded electron tranfers.48, 49 Whereas TiO2/CoO is a n-p 

type heterojunction50 like TiO2/CuO, the TiO2/Co2O3 structure is known to be unstable 

leaving behind a highly defective amorphous structure which can impact charge 

transfer.51 
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Figure 16. Growth curves of E. coli (a) under sonication for 2 h in the absence of 

catalysts, as well as in the presence of 4%CubTiO (b) without sonication as a control 

for 2 h and (c) under sonication for 2 h. (d) Bar chart of the lag phase delay after 40 

min of sonication of the sample series.  

The piezocatalytic activity of the samples towards eradication of water-borne 

pathogenic bacteria was then evaluated and compared. Figure 16a depicts the growth 

curves of E. coli under sonication for up to two hours without the addition of any 

catalyst sample. It can be seen that ultrasonic stimulation alone did not impact the 

bacterial cell growth. Similarly, no variation of the bacteria growth was observed with 
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the addition of 4%CubTiO on the bench top without physical stimulus  (Figure 16b), 

indicating the material was not active without physical agitation. Yet, upon sonication, 

clear inhibition was observed in the presence of 4%CubTiO with the growth phase 

being delayed from 6.2 h of incubation without sonication to 9.8 h after 40 min of 

sonication, and an almost complete lack of growth after 60 min (Figure 16c). This 

performance was drastically better than those of the other samples in the series (Figure 

16d and 17), where the antibacterial activity varied in a very similar trend as their d33 

coefficient and piezocurrent activity.   
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Figure 17. Growth Curves of E. coli in the presence of (a) bTiO, (b) 1%CubTiO, (c) 

2%CubTiO, and (d) 8%CubTiO under sonication for up to 2 h. 

Specifically, the 2%CubTiO (Figure 17c) and 8%CubTiO (Figure 17d) samples were 

both able to fully inhibit the growth of E. coli after prolonged sonication for 80 min, 

while 8%CubTiO had a more noticeable impact on the lag phase reaching a delay of 

9.8 h after 60 min vs 6.6 h delay for 2%CubTiO. The 1%CubTiO was also able to fully 

inhibit the cell growth but required 120 min of sonication to achieve it (Figure 17b). 

In contrast, the bTiO sample exhibited only a minimal effect on the cell growth where 
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the lag phase increased marginally from 4.8 to 6.4 h and cell growth never reached full 

inhibition (Figure 17a).  

 

 Figure 18. Growth curves of E. coli: (a) control, and in the presence of (b) 

4%bFeTiO, (c) 4%bCoTio, and (d) 4%bMnTiO under sonication for up to 2 h.  

In addition, for the Co, Mn and Fe doped samples (Figure 18), whereas all samples 

showed only a minimal impact on the lag phase, with the lag time increased by only 

1.5 h for 4%bMnTiO, 1.6 h for 4%bFeTiO, and 2.4 h for 4%bCoTiO, and did not 

achieve complete cell growth inhibition even after 120 min of sonication. Such an 

activity mirrored the d33 depicted in Figure 14.  This again supports the idea that Cu 
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is a superior dopant for this material.  Taken together, these results highlight the 

significant impacts of Cu dopants on the piezoelectric catalytic activity as undoped 

titanium suboxides are known to be minimally piezoelectric.52 

 

Figure 19. EPR spectra of the sample series with DMPO as the spin trap before (dotted 

curves) and after (solid curves) sonication for 10 min. 

EPR measurements were then carried out to unravel the mechanistic origin of the 

piezocatalytic activity. From the EPR specrta in Figure 19, one can see that all samples 

display a similar pattern consisting of two sets of hyperfine features. The primary one 

is a sextet at a peak intensity ratio of 1:1:1:1:1:1 and a g value of 2.0058, characterist 

of superoxide anions (𝑂2
∙−),53, 54 whereas the  secondary one is a quartet at a peak 

intensity ratio of 1:2:2:1 and a g value of 2.005, suggesting the formation of hyrodxyl 
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radicals (•OH).53 This aligns very closely with the predicted band structure in Figure 

11b, where production of superoxide and hydroxyl radicals were energetically 

favorable by reduction of oxygen of CB electrons. Additionally, one can see that the 

variation of the sextet intensity was in good alignment with the materials’ piezoelectric 

properties (Figure 13a), with 4%CubTiO featuring the most intense signals, whereas 

the hydroxyl quartet remained virtually invariant among the samples. This suggests that 

superoxide anions were the primary ROS produced piezocatalytically, which then 

followed a Fenton-like pathway to produce hydroxyl radicals catalytzed by the 

Cu2+/Cu+ couples.55 

5.4. Experimental Section 

5.4.1 Chemicals 

Titanium butoxide (Acros Organics), cupric nitrate (Cu(NO3)2, Fisher Scientific), 

sodium borohydride (NaBH4, 99%, Sigma-Aldrich), 5,5’-dimethyl-1-pyrroline-N-

oxide (DMPO, Fisher Scientific), isopropyl alcohol (Fisher Scientific), methanol 

(Fisher Scientific), ethanol (Sigma-Aldrich), acetone (Fisher Scientific), and methylene 

blue hydrate (MB, Acros Organics) was all used as received. Water was purified with 

a Barnstead Nanopure Water System (resistivity 18.3 MΩ cm). 

5.4.2 Sample Synthesis 

In a typical experiment, 10 mL of titanium butoxide was dispersed into a mixture of 

100 mL isopropanol and 10 mL of methanol under magnetic stirring for 60 min at 60 
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ºC. Separately, a calculated amount of Cu(NO3)2 (at the Cu:Ti molar ratio of X = 1% 

to 8%) was dissolved in a mixture of 20 mL of water and 10 mL of ethanol under 

sonication for 5 min. The Cu(NO3)2 solution was then added dropwise into the titanium 

butoxide solution under sonication at 70 ºC, and the produced gel was transferred to a 

Teflon liner and autoclaved at 180 ºC for 12 h.  The resulting samples were then washed 

with isopropanol, methanol, water, and ethanol until the solvent was clear. After being 

dried overnight, the samples were placed in a ceramic boat and heated at 450 ºC for 4 

h in a muffle furnace under ambient condition before being washed again with water, 

ethanol, isopropanol and methanol until the solvents were clear, and referred to as 

X%CuTiO.  A control sample was prepared in the same fashion but without the addition 

of Cu(NO3)2 and denoted as TiO.   

200 mg of the samples prepared above were mixed with 75 mg of NaBH4 in mortar and 

pestle until the mixture was a uniform fine white powder. 50 mg of the mixture was 

placed on an iron sheet lined with graphitic paper, which was placed on a fire brick in 

a quartz tube. The assembly was purged with ultrahigh-purity argon for 10 min before 

MIH treatment at the induction current of 600 A for 12 s.20, 22 After heating, the samples 

were washed with water, ethanol, and acetone, until a clear supernatant was produced 

with no bubbles, and denoted as X%CubTiO and bTiO.  

A series of control samples were also prepared in the same manner as that for 

4%CubTiO but by replacing Cu(NO3)2 with an equivalent amount of Co(NO3)2, 

Fe(NO3)3, and Mn(NO3)2, and denoted as 4%CoTiO, 4%FeTiO and 4%MnTiO, 

respectively. 
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5.4.3 Characterization 

Transmission electron microscopy (TEM) images were acquired with a Tecni G2 

operated at 200 kV. Raman measurements were conducted using a Horiba Jobin Yvon 

Lab-RAM ARAMIS automated scanning confocal Raman microscope under 532 nm 

excitation. UV-vis absorption measurements were conducted with a Perkin-Elmer 

Lambda 35 spectrometer. X-ray diffraction (XRD) patterns were acquired with a 

Rigaku Smartlab diffractometer (Cu Ka radiation, l = 0.154 nm). X-ray photoelectron 

spectroscopy (XPS) measurements were carried out with a Thermo Fisher K-alpha 

system, where the binding energy was calibrated against the C 1s peak. Electron 

paramagnetic resonance (EPR) was recorded at room temperature with a Bruker 

ElexSys E500 spectrometer operating at the X-band frequency (∼9.8 GHz) using an 

ER 4122SHQE resonator. Spectra were recorded using a microwave power of 20.03 

mW, modulation amplitude of 1 G, modulation frequency of 100 kHz, and conversion 

time of 20.48 ms. Contact angles were measured with a Tantec CAM-PLUS contact 

angle meter. 

5.4.4 Electrochemistry  

Mott-Schottky and transient photocurrent measurements were carried out with a Gamry 

Reference 600 instrument in a three-electrode setup.  The working electrode was a 

rotating disk electrode with a surface area of 0.196 cm2, a graphite rod was used as the 

counter electrode, Ag/AgCl as the reference electrode, and 0.5 M Na2SO4 as the 

supporting electrolyte. Mott-Schottky analysis was performed within a frequency range 
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of 500 to 1500 Hz. Transient piezocurrent measurements were performed at a constant 

potential of -0.25 V vs Ag/AgCl under controlled sonication. 

5.4.5 Piezocatalytic disinfection of water  

E. coli cells were grown in Luria−Bertani (LB) agar in a 37 °C incubator. A single 

colony was selected and used to inoculate 3 mL of LB broth and allowed to shake at 37 

°C for 18 h. The resulting liquid was centrifuged at 5000 rpm for 5 min and resuspended 

in phosphate buffered saline (PBS) 3 times before being diluted to an optical density 

(OD) of 0.1 at 600 nm. Then 1 mL of the spiked PBS solution was diluted into 99 mL 

of sterile PBS, and 100 mL of this solution was added to 9.9 mL of PBS with 100 mg 

of the samples prepared above for a final concentration of 10 mg mL-1.  The vials 

containing the bacteria were then sonicated for 2 h with 10 μL aliquots removed every 

20 min and pipetted into a 96-well plate along with 200 μL of sterile LB broth. The 96-

well plate was placed in a Molecular Device VERSA max microplate reader, where the 

OD was measured at 600 nm every 10 min with intermittent shaking between each 

reading over a 24 h incubation period at 37 °C.  

5.4.6 EPR Measurements 

To assess the ROS generation, 1 mg mL-1 solutions of the samples were prepared in 

water.  Then 63 mL of the solution was mixed with 7 mL of 1 M DMPO in water for a 

total of 70 mL, which were then either left unmoved on the counter as controls or 

subject to sonication for 10 min. 10 mL of the solutions was loaded into a 1.5 mm O.D. 

borosilicate capillary tube (Friedrich & Dimmock Borosilicate Capillary). Spectra were 
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recorded at room temperature with a Bruker ElexSys E500 spectrometer operating at 

the X-band frequency (∼9.8 GHz) using an ER 4122SHQE resonator using a 

microwave power of 20.03 mW, modulation amplitude of 1 G, modulation frequency 

of 100 kHz, and conversion time of 20.48 ms. 

5.5 Conclusions 

In this study, copper-doped titanium oxide nanoparticles were produced by a facile 

thermal procedure, and subject to chemical reduction via magnetic induction heating 

in the presence of NaBH4 to copper oxide/titanium suboxide heterostructures.  The 

resultant CubTiO exhibited markedly enhanced piezoelectric properties, as compared 

to the pre-reduction counterparts, with the 4%CubTiO sample showing the greatest d33 

coefficient at 92 pC N-1, and the highest antibacterial activity where the growth of E. 

coli was fully inhibited after sonication for under 1 h, due to the effective production 

of superoxide anions and hydroxyl radials.  Results from this work provide insights 

into the significance of structural engineering in enhancing the piezoelectric activity 

and antibacterial performance of metal oxides. 
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Chapter 6 Summary 

Chapter 2 explored the use of a porphyrin derivative copper chlorophyllin to produce 

CuN4 active site electrocatalysts for the two-electron oxygen reduction reaction. This 

was used for the direct disinfection of water sources by antibacterial and dye 

degradation testing.  Chapter 3 was an expansion of this work now looking at 

tetraphenyl porphyrins, to examine the effects of different metal centers and organic 

side chains on the catalytic process.  Chapter 4 pivots to semiconductive 

photocatalysts as a way to produce water disinfection catalysts with the need for a 

dedicated electrical source.  Here TiO2 was reduced to improve its visible light 

utilization.  Chapter 5 is an expansion of that semiconductive work but applied to 

piezocatalysis, by doping reduced TiO2 with other metal oxides both n-p 

heterojunctions and noncentrosymmetric crystalline structures can be produced.  

Creating a composite material that is highly effective in the production of reactive 

oxygen species and water disinfection.    
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