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Abstract 

Graphitic carbon nitride (g-C3N4) is a material that has been at the forefront of heterogenous 

photocatalysis. Many factors, such as synthesis temperature, have a drastic effect on the 

photocatalytic ability of g-C3N4. In this study, we utilize terahertz (THz) spectroscopy, an ultrafast 

probe of transient photoconductivity, to understand the effect synthesis temperature has on the 

photoconductivity of g-C3N4. Samples were synthesized at seven different temperatures 

traditionally used to prepare g-C3N4. X-ray diffraction shows that the number of layers increases 

with increasing synthesis temperature. IR spectroscopy shows that as the synthesis temperature 

increases, the structure begins to resemble the idealized g-C3N4 structure. Optical characterization 

shows that synthesis temperatures above 600 ºC begin to disrupt the structure. THz 

photoconductivity is the largest for the sample synthesized at 600 ºC which is corroborated with 

the greatest photocatalytic CO2 reduction. This study shows the power THz spectroscopy has in 

understanding fundamental properties in these emerging materials for photocatalysis.  
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Introduction 

 Graphitic carbon nitride (g-C3N4), a 2D material, has gained much interest due to its 

composition of earth abundant elements, robustness, and numerous applications.1–3 The structure 

of g-C3N4 consists of repeating aromatic carbon-nitrogen six-member rings, but there are many 

different orientations the carbon and nitrogen atoms can take and the structure will depend greatly 

on the synthetic conditions used to obtain the sample.3–7 Some applications of g-C3N4 aide in 

fighting the energy crisis, such as photocatalysis, specifically the hydrogen evolution reaction 

(HER) and carbon dioxide reduction reaction (CO2RR).1,8–13 These photocatalytic rates are 

drastically affected by synthetic conditions, such as altering the precursors used, annealing 

temperature, and heating ramp rate.1,7,14–16 These differences can be directly attributed to the 

structure of g-C3N4 within the photocatalyst.17 Due to its recent discovery, there is still much to 

understand about the structure of g-C3N4, and ultimately the effect these structural differences have 

on the photocatalytic rates.  

The idealized structure of g-C3N4 is a repeating heptazine-based structure which is depicted 

in Fig. 1a.1,17 In reality, the actual material is not an idealized structure but rather numerous 

polymeric carbon nitride polymorphs exist within a bulk g-C3N4 sample, and it is difficult to 

identify which of them construct the sample.3,5,17 A key difference among the polymorphs is that 

some contain a 2D repeating structure, like in Fig. 1a, while other contain melon chains that 

interact using hydrogen bonding (Fig. 1b).5,17 Work out of the Jacob lab determined that a 

computationally accurate model of g-C3N4 must include small clumps of the idealized structure 

within a network of melon chains by comparing the computationally determined band gap to the 

experimentally measured one.17 Zhang et al. showed that dissolving a sample of g-C3N4 in 

concentrated sulfuric acid can give insight into the structure since melon chains will yield a clear 
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yellow solution but the idealized structure will give an opaque paste.9 While there has been much 

progress made in understanding the structure of g-C3N4, there are still ambiguity about the 

correlation of physical and photocatalytic properties with the structure.  

 

Figure 1. (a) Idealized structure of g-C3N4 and (b) structure of melon chains connected via 

hydrogen-bonding interactions that are denoted by dashed lines. 

 The differences in structure arise in synthesizing g-C3N4, and the conditions utilized can 

lead to a wide variety of properties in g-C3N4.2,7,14,18–20 Some of the different parameters that are 

commonly varied include synthetic precursor (urea, thiourea, melamine dicyandiamide, etc.), 

synthesis temperature (500-650 °C), and temperature ramp-rate.2,14,18–24 With regards to precursor, 

there are many nitrogen-rich hydrocarbons, some listed above, but commonly samples synthesized 

from urea tend to yield the best photocatalysts.20–22,25 The ideal synthesis temperature depends on 

the precursor used, but for g-C3N4 samples derived from urea, the best photocatalysts are annealed 

at 600 °C.19,26 Ultimately, by varying these parameters, the amount of polymerization varies 

leading to different polymorphs in the material.3,17 These different polymorphs are what lead to 

different properties within the material which then affect the photocatalytic rate of the material.3  
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As factors influencing the photocatalytic rate of the g-C3N4 continue to be studied, 

conductivity is critical to probe as it directly relates to the rate of heterogenous catalysis. While 

studies have alluded to an increase in conductivity when observing an increased HER catalytic 

rate, there has not yet been a study to quantify the difference in conductive electrons.9 Terahertz 

(THz) spectroscopy is a superb technique to study these materials due to it being a non-contact 

probe of conductive electron with sub-picosecond time resolution.27–29 As opposed to other 

techniques to measure conductivity that require physical contacts and examine the bulk 

conductivity, THz spectroscopy probes conductivity within the material without the need for 

physical contacts, which is necessary for nanomaterials.27–29 By pairing a THz probe beam with a 

visible pump, time-resolved photoconductivity of the material can be measured, which provides 

lifetimes for the excited electrons responsible for photocatalysis.28–30 THz spectroscopy has been 

utilized for many photocatalytic materials, such as transition metal dichalcogenides, MOFs, 

graphene, and many more, to corroborate photoconductivity and photocatalysis.29,31–35 There have 

been time-resolved photoluminescence studies done on g-C3N4 which didn’t show a significant 

dependence on the synthesis temperature.36–38 To the best of our knowledge, g-C3N4 from urea 

synthesized at different temperatures has yet to be studied with time-resolved THz spectroscopy.  

Herein, we utilize THz spectroscopy to measure the transient photoconductivity of g-C3N4 

synthesized from urea at different temperatures. The materials are characterized to understand how 

the physical and electronic properties are affected by the synthesis temperature. The transient 

photoconductivity was then measured for each sample synthesized at the different temperatures 

and then correlated with photocatalytic measurements. It was found that samples synthesized at 

600 ºC had the highest THz photoconductivity signal which agrees with previous photocatalytic 

studies as well as the CO2 photoreduction measurements done here. The enhanced 
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photoconductivity can be attributed to more of the idealized structure arising from the higher 

synthesis temperature. Temperatures above 600 ºC begin to disrupt the structure leading to a 

reduction of the photoconductivity and photocatalysis. Overall, this study paves the way for 

understanding how structural changes in g-C3N4 affect the photoconductivity and photocatalytic 

properties of the material.  

Materials and Methods 

Synthesis of g-C3N4 from Urea 

To prepare the samples, about 20 g of urea (Sigma-Aldrich, ≥ 98% purity) was measured 

and placed into an alumina crucible with aluminum foil around the top. The crucible was placed 

into a muffle furnace where it was kept at its respective temperature for two hours with a ramp rate 

of 300 ºC/hr. The samples were allowed to ambiently cool back to room temperature and were 

then removed, massed, and placed into a vial. Samples will be denoted by U, because of the urea 

precursor, followed by their synthesis temperature; thus, the sample synthesized at 500 ºC will be 

referred to at U500. The resulting materials are shown in Fig. S1. 

In addition to these powder samples, films were created by making a 5 g mixture of 15 % 

by weight polyvinyl butyral (PVB) in ethanol. Once the PVB was fully dissolved, about 100 mg 

of sample was added to the mixture, then stirred until there were no observable pieces of material. 

The paste was then doctor-bladed onto a piece of quartz cleaned by sonicating in DI water, acetone, 

isopropanol, and ethanol separately for about 20 minutes. Doctor-blading was conducted by 

placing scotch tape as a spacer, placing some of the paste onto the top piece of tape, and then 

coated using a pasture pipet. Samples were air-dried to ensure the ethanol was evaporated off. 

Samples used for THz measurements required 5 layers, which was done by first depositing one 
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layer, letting the sample air-dry, then putting a 2nd layer of tape to doctor-blade, and then 

continuing up to 5 layers.  

Materials Characterization 

 X-ray diffraction (XRD) measurements were done on the powder samples using a Rigaku 

SmartLab XRD which includes a Cu Kα source with a beam energy of 8.04 keV, corresponding 

to an x-ray wavelength of 1.5406 Å. The surface area was determined by the BET method using a 

Micromeritics ASAP 2460 surface area and porosity analyzer with nitrogen adsorption isotherms 

collected at 77 K. When samples were dissolved in concentrated sulfuric acid, 100 mg of sample 

were dissolved in 1 mL of acid, and then stirred at 100 °C.9 Elemental analysis was done through 

Robertson-Microlit labs. Inductively coupled plasma mass spectrometry (ICP-MS) measurements 

were obtained using a NexION 5000 Multi-Quadrupole ICP mass spectrometer. Fourier 

transformed infrared (FTIR) spectroscopy was performed using an Agilent Cary 660 instrument. 

UV-Vis diffuse reflectance measurements were done using a Shimadzu UV-2600 with an 

integrating sphere attachment. The Kubelka-Munk transformation (F(R)), shown below, was 

applied to the reflectance (R) data. 

F(R) =
(1 − R)!

2R 																[𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛	1] 

Photoluminescence measurements were collected using a Horiba Fluoromax Plus spectrometer. 

Film thicknesses were measured using a Dektak mechanical profilometer. 

Terahertz Spectroscopy 

 The spectrometer setup is described in detail in our previous publications.29,32,33 For an 

optical-pump terahertz-probe (OPTP) measurement, the terahertz pulse transmitted through a 
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sample was measured. Then, the probe delay stage was set to the maximum amplitude of the pulse, 

and an OPTP trace was collected by monitoring the change in that peak amplitude versus the pump 

delay time. The raw OPTP trace is transformed into %ΔTHz by dividing the raw data by the value 

of the peak of the THz time-domain pulse. All measurements were done with 400 nm excitation 

pulses at a power of 100 mW. For time-resolved terahertz spectroscopy (TRTS) measurements, 

the pump delay stage was fixed to 1 ps after excitation and the photoexcited THz pulse was 

measured. In addition to the photoexcited pulse, a non-photoexcited pulse was also collected. The 

complex-valued conductivity was extracted using the Nelly program previously developed by our 

lab.39 

Photocatalytic CO2 Reduction Measurements  

 Cobalt phthalocyanine-tetracarboxylic acid (CoPc-COOH) molecules were first 

synthesized using a reported method.40 g-C3N4 synthesized at different temperatures was then 

functionalized with CoPc-COOH. This was done by first dispersing 30 mg of g-C3N4 in 30 mL of 

dimethylformamide (DMF), and sonication was used to ensure all particles were fully dispersed. 

Once the sample was fully dispersed, 5% by weight of CoPc-COOH was placed into the g-C3N4 

dispersion and then sonicated for an hour followed by vigorously stirring for 24 hours. After 

stirring, the sample was centrifuged for 15 minutes at 1200 rpm followed by decanting the 

supernatant, and washing with DMF then water. Samples were then freeze dried and then the 

obtained powder was stored in air for further tests.  

 Photocatalytic measurements were carried out by measuring out 3 mg of the carbon nitride 

decorated with CoPc-COOH and suspending it in 5 mL of a 3:1 mixture by volume of acetonitrile 

and triethanolamine. Sonication was utilized if the material was not fully dispersed. The vial was 

purged with CO2 for about 10 minutes. The sample was then illuminated using a 150 W Xe lamp 
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(ABET technologies) with a AM1.5G light filter and a light intensity of approximately 300 

mW/cm2. The concentration of the generated CO and H2 was quantified using an online gas-

chromatograph (SRI GC) every 10 mins during the photocatalysis. 

 Results and Discussion 

 To examine the effect that synthesis temperature has on the structure, XRD and IR 

spectroscopy were utilized. The XRD patterns for each temperature are displayed in Fig. 2, where 

the major (002) peak around 27° corresponds to the inter-sheet stacking and the less intense (100) 

peak around 13° corresponds to the intra-sheet pattern of the material.5,21,32 Focusing on the inter-

sheet stacking peak, there is an observable shift to higher 2θ and a sharpening of the feature with 

increasing synthesis temperature. The sharpening of this feature, with regards to increasing 

temperature, implies the creation of more ordered domains within the g-C3N4 structure. The shift 

to a higher 2θ for the (002) peak indicates a decrease in the inter-layer distance of the structure 

which can be quantified by fitting the peak with a Lorentzian, then modeling with the Bragg 

equation (eq. 2). In the Bragg equation, λ is the wavelength of the x-rays, θ is the angle the x-ray 

hits the sample, and d is the interlayer distance. The calculated inter-layer distances are displayed 

in Table 1 showing a decrease from 3.28 Å to 3.21 Å for U500 to U650. The shift to higher 2θ also 

suggests a transition from triazine to heptazine subunits.5 An estimate of particle size can be gained 

from the same Lorentzian fit, except now modeling with the Scherrer equation (eq. 3). In the 

Scherrer equation, λ and θ are the same as in the Bragg equation, β is the FWHM, and D is the 

grain size. Using the information gained from the Bragg’s law and the Scherrer equation, an 

estimate for the number of layers is obtained and displayed in Table 1. An increase in the number 

of layers is observed as the synthesis temperature is increased, implying there is more order within 
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the sample and better stacked particles. BET measurements displayed in Table 1 show that the 

surface area increases until U600 which is consistent with a previous report.18  

𝜆 = 2𝑑 sin 𝜃 							[𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛	2] 

𝐷 =
𝜆

𝛽 cos 𝜃 					[𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛	3] 

 

 

Figure 2. (a)  powder XRD for each sample; inset: (002) diffraction peak showing the inter-layer 

distance. (b) elemental analysis for nitrogen (blue), carbon (black) and hydrogen (gray) as a 

function of synthesis temperature. 

Further understanding is obtained about the structure, with regards to the polymerization, 

by dissolving the samples in concentrated sulfuric acid.9 Fig. S2 displays the resulting solutions 

after heating and mixing in acid. U500 and U525 resulted in a yellow solution suggesting these 

materials consisted of more H-bonding and melon chains than other samples. Then, solutions 

trended toward more opaque and thicker samples up to U600 suggesting they contain more of the 

idealized structure and less H-bonding. Solutions of U625 and U650 are still opaque but are less 
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viscous than U600 suggesting at those temperatures more defects are created. Elemental analysis 

is performed to understand the composition of the material synthesized at different materials. The 

amounts of carbon and nitrogen increase and the amount of hydrogen decreases with synthesis 

temperature until U600, and then level off. This is consistent with the acid dissolving experiment 

showing that there are less melon chains, and therefore less terminal amine protons, at the higher 

synthesis temperatures. The carbon to nitrogen ratio, displayed in Fig. S3, is around 0.66 which is 

consistent with previous reports.14,32,41 There is a slight increase in the C:N ratio with an increase 

in synthesis temperature which suggests more of the idealized structure.  

Table 1. Stacking Properties and Surface Area 

 Interlayer Distance 

(Å) 

Approximate 

number of layers 

BET Surface Area 

(m2/g)  

U500 3.28 13 33.83 

U525 3.28 14 44.65 

U550 3.26 17 62.08 

U575 3.24 24 84.51 

U600 3.22 27 93.51 

U625 3.21 29 88.15 

U650 3.21 31 65.02 

 

 More information on the effect the synthesis temperature has on the structure, specifically 

the chemical bonding of g-C3N4, is gained through IR spectroscopy. The IR spectra for samples 

prepared at the various synthesis temperatures are displayed in Fig. 3 and are normalized to the 
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resonance at 1631 cm-1 which corresponds to C=N or C=C stretches. The peaks around 1315 cm-1, 

1230 cm-1, and 1200 cm-1 (Fig. 3 red panel) correspond to tertiary amines.14,42 As the synthesis 

temperature is increased, these features begin to grow, as well as becoming sharper, meaning there 

are more tertiary amines. This would suggest that as the synthesis temperature increases, there is 

more of the idealized g-C3N4 structure; this is consistent with the elemental analysis. As the 

synthesis temperature is increased, a doublet forms around 1580 cm-1 (Fig. 3 blue panel) which 

corresponds to heptazine units, suggesting that at lower synthesis temperatures some of the 

material may be triazine.14,42 This is consistent with the XRD trend. The feature seen around 

810 cm-1 (Fig. 3 green panel) corresponds to both triazine and heptazine units which confirms that 

a carbon-nitrogen structure has been formed.14,42 There is not a significant dependence on synthesis 

temperature for this feature again showing there is a carbon-nitride material at all synthetic 

temperatures. The set of features centered at 3200 cm-1 (Fig. 3 orange panel) corresponds to N-H 

stretches.14,42 The peaks in this region generally increased with synthesis temperature, peaking at 

600 ºC. This is due to there being more of the melon chain structure at lower temperatures, where 

the N-H protons will exist in hydrogen bonding, and therefore these IR features with either be 

broadened or attenuated. Then, at higher temperatures, when more of an idealized g-C3N4 structure 

is observed, the peaks centered at 3200 cm-1 are sharper because N-H features now exist mostly 

on the edges and therefore are free to vibrate. This theory is consistent with the elemental analysis, 

which shows less hydrogen content as the synthesis temperature is increased. It was determined 

that the products formed after 2 hours of annealing are the thermodynamic products by comparing 

the XRD patterns (Fig. S4) and IR spectra (Fig. S5) for samples annealed for different lengths of 

time at 500 °C and 600 °C.  
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Figure 3. IR spectra for samples prepared at each synthesis temperature with zoomed in regions 

of interest shown in the side panels. 

 In addition to structural changes, the optical properties are affected by the synthesis 

temperature. The Kubelka-Monk UV-Vis diffuse reflectance spectra of the samples from the 

different synthesis temperatures are shown in Fig. 4 with the excitation wavelength of OPTP 

measurements denoted by the solid black line. The sample synthesized at 650 ºC shows a shoulder 

growing at longer wavelength in which is attributed to a n (lone pair) to π* transition due to 

distortion in the g-C3N4 sheets.43,44 Further understanding on the electronic structure is obtained 

through Tauc analysis; the extracted band-gaps are shown in Table 2 (plots are shown in Fig. S6). 

Most of the synthesis temperatures lead to samples with a band transition around 2.7 eV, which is 

similar to the reported value for bulk g-C3N4.17,23,32 Starting at 575 ºC, there is another transition 
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which is shown to be around 2.9 eV. The growth of this band feature can be attributed to more of 

the idealized structure of g-C3N4.17 Then, for the sample synthesized at 650 ºC, there are three 

observed features. The extracted band-gap values slightly differ from other samples, and the 

additional smaller band feature can be attributed to the material that has started to lose the g-C3N4 

structure at this higher synthesis temperature.  

Table 2. Band-gaps from Tauc Analysis.  

 Band-gap(s) (eV) 

U500 2.72 ± 0.01 

U525 2.69 ± 0.01 

U550 2.65 ± 0.02 

U575 2.70 ± 0.02, 2.84 ± 0.01 

U600 2.69 ± 0.03, 2.88 ± 0.03 

U625 2.62 ± 0.02, 2.91 ± 0.01 

U650 2.16 ± 0.04, 2.50 ± 0.02, 2.92 ± 0.03 

 

Additional information of the electronic structure is acquired using steady-state 

photoluminescence (PL) measurements; resulting emission spectra of the various g-C3N4 samples 

due to excitation from 350 nm light are displayed in Fig. 4b. The PL peak is around 450 – 500 nm 

(2.75 – 2.48 eV) for samples prepared at different synthesis temperatures, which is consistent with 

previous reports of the material.45–47 Overall, there is a significant red-shift in the peak as the 

synthesis temperature is increased. This shift is quantified by fitting the data by appropriately 

transforming the data from wavelength to energy.48 As suggested by previous reports, three 



15 
 

different components best model the PL peak, and those are shown in Fig. S7.45,46 The resulting 

energy positions, and relative areas, are shown in Table S1. The three components are around 2.3 

eV, 2.5 eV, and 2.7 eV with small variations for samples prepared at different synthesis 

temperatures. There is a decrease in the relative area for the 2.7 eV component for samples 

prepared at the higher synthesis temperature implying an overall red shift in the feature. This is 

most noticeable for U625 and U650 suggesting that there are more sub-band states for the electrons 

to occupy in samples prepared at those temperatures, which is due to defect sites from structural 

deformations. 

 

Figure 4. (a) Normalized Kubelka-Munk UV-Vis diffuse reflectance spectra; the excitation 

wavelength used for OPTP experiments is shown with a dashed line. (b) Normalized 



16 
 

photoluminescence spectra with an excitation wavelength of 350 nm. In both figures, the shaded 

regions show the standard deviation of 4 samples.  

 While the effect of synthesis temperature on the structure has been thoroughly studied 

previously, there has yet to be quantification of the effect it has on photoconductivity. Optical-

pump terahertz-probe (OPTP) is superb tool to probe photoconductivity in 2D materials and is 

utilized on the g-C3N4 synthesized at different temperatures. This was done by exciting the g-C3N4 

samples with 400 nm light, which all absorb at as shown by Fig. 4a, and monitoring how the peak 

THz signal changes for samples synthesized at different temperatures. For uniformity, the samples 

were mixed with PVB and deposited onto quartz; the resulting thickness are in Table S2 and the 

profiles are in Fig. S8. To confirm the PVB is not altering the material, three different sample 

preparations are done and no significant changes in the OPTP dynamics (Fig. S9) are observed.49 

The OPTP trace for each synthesis temperature is shown averaged over two spots on four samples 

in Fig. 5a. The corresponding graphs with standard deviation for each of the synthesis temperatures 

as shaded regions are shown in Fig. S10. The OPTP traces are fit with a single exponential (eq. 4) 

to learn about the photoexcited carrier properties. In eq. 4, A is the amplitude of the signal, τ is the 

relaxation lifetime, y0 is the long-term offset, and GR(FWHM) is a Gaussian convolution to 

represent the instrument response function limited by the pulse width of the pump beam.  

∆𝑇𝐻𝑧	 = C𝐴𝑒"
#
$ + 𝑦%G ⊗ 𝐺&(𝐹𝑊𝐻𝑀)							[𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛	4] 

The full fit results are displayed in Table S3 for all samples as well as the average and standard 

deviation for samples prepared at each synthesis temperatures. Fig. 5b displays the average 

amplitudes for samples at each temperature, which shows the sample synthesized at 600 °C yields 

the largest amplitude. The trend that is observed with amplitude relative to synthesis temperature 
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is consistent with photocatalytic rates that have been previously observed throughout the 

literature.19,26 The amplitude versus normalized percent reflectance at 400 nm (Fig. S12) shows 

that there is an inverse relationship between the properties. This implies that the difference in 

amplitude is not due to a change in absorption in the material, but rather a change in the structure 

of the material. The average lifetimes are shown in Fig. S11a, and there is no significant change 

for samples prepared at the lowest three synthesis temperatures as they are all around 7 ps. Then, 

for U575, the lifetime decreases to about 3 ps and this is the sample where the second band begins 

to grow in for the Tauc analysis. Also, for the higher temperatures, with regards to the PL, there is 

less contribution from the direct band relaxation. The optical characterization suggests that there 

are more sub-band states, which are usually non-mobile states and therefore will not absorb THz 

radiation, which could lead to the lower lifetime for the higher synthesis temperatures. This is also 

the point where an increase in the idealized g-C3N4 becomes more predominate in the sample, as 

suggested by the IR spectroscopy and the acid-dissolving experiments. This trend would explain 

the observed improved photoconductivity for the sample synthesized at 600 °C, and therefore why 

it has been reported with the best photocatalytic activity. The long-term offset (y0) doesn’t show a 

significance difference (Fig. S11b) between samples prepared at different temperatures, which 

could be due to building blocks of the structure being the same at all temperatures.  
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Figure 5. (a) Average OPTP traces of eight measurements for each sample. (b) The average 

amplitude from a single exponential fit with respective standard deviations.  

 More understanding of the photoconductivity is achieved through the frequency-dependent 

time-resolved terahertz spectroscopy (TRTS) technique. This technique measures the entire 

terahertz pulse, and through a Fourier transform, the complex-valued frequency-dependent 

photoconductivity is extracted. This technique was done for each of the samples and the resulting 

photoconductivity data are displayed in Fig. S13. There is not any significant change seen in the 

spectra for samples prepared throughout the temperatures except there appears to be a phonon 

resonance growing in at about 1.2 THz for the sample prepared at 575 °C. This is the temperature 

where many characterizations saw significant changes, but further studies would need to be done 

to determine the exact origin of this resonance. The Drude-Smith model (eq. 5) provides even more 

insight into the properties of the photoexcited carriers. In this equation, 𝜎% represents the DC 

photoconductivity, 𝜏' is the scattering lifetime of the electron, and the c-parameter (c) is the 

persistence of velocity.50,51 For the c-parameter, a value of 0 is for larger crystals where electrons 

relax before reaching the edge of a crystalline domain and a value of 1 is for smaller particles 

where most carriers will interact with the grain boundary before relaxing.  
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𝜎(𝜔) =
𝜎%

1 − 𝑖𝜔𝜏'
Q1 +

𝑐
1 − 𝑖𝜔𝜏'

S									[𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛	5] 

The fit results are displayed in Table S4 with the results of fitting to the Drude-Smith model being 

displayed in Fig. S13. These fit results show a decrease in the c-parameter with increasing 

synthesis temperature which is consistent with the XRD results showing grain sizes increasing. 

The scattering lifetime increases with increasing temperature which is related to the grain size but 

also may relate to the increase in amplitude seen in the OPTP data. Overall, there is an increase in 

photoconductivity which is most likely due to forming more of the idealized g-C3N4 structure. But 

eventually, at the higher synthesis temperatures, defects begin to grow in which introduce more 

recombination sites.  

To corroborate this physical property of photoconductivity with actual catalysis performed, 

the CO2RR rate is investigated. To do CO2 reduction, the samples synthesized at different 

temperatures are decorated with cobalt phthalocyanine tetracarboxylic acid (CoPc-COOH).40 The 

CoPc-COOH photocatalysts load differently which can be seen visually (Fig. S14) and quantitively 

(Table S5) by ICP-MS. The CoPc-COOH attaches itself through free amino groups, and therefore 

samples prepared at the lower synthesis temperatures have worse loading because most amino 

groups are involved in H-bonding. For the U650 samples, the loading begins to worsen again 

because the high temperature alters the structure. Fig. 6 displays the amount of CO produced from 

photochemical reduction of CO2 for each g-C3N4 sample. Consistent with the OPTP 

measurements, the U600 sample yielded the highest photocatalytic rate. For all the temperatures, 

the photocatalytic rate depends on both the catalyst loading and the photoconductivity. For 

example, while the U625 and U650 samples had similar OPTP amplitudes, the loading on U650 

was much worse, most likely due to disruption to the structure, leading to a decrease in the 
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photocatalytic rate. Then for the U550 and U575 samples, there was similar catalyst loading but 

U575 had a larger OPTP amplitude which correlates with the enhance photocatalytic rate. These 

studies add excellent agreement to photoconductivity studies in this work. 

 

 

Figure 6. Photocatalytic CO2 reduction rate to CO for samples decorated with CoPc.  

 

Conclusions 

  In conclusion, we utilized pump-probe THz spectroscopic techniques to quantify the 

photoconductivity differences in g-C3N4 arising from variations in the structure of the samples 

prepared at the different synthesis temperatures. To the best of our knowledge, this is the first 

report of THz photoconductivity in g-C3N4 from urea, and the first observation of an appreciable 

OPTP signal for any g-C3N4 sample. To look at the effect of synthesis temperature, seven different 

temperatures between 500 ºC and 650 ºC were used. The samples were thoroughly characterized 
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and the observed trends were consistent with previous reports of similar systems. Overall, at the 

lower synthesis temperature, the materials consist mostly of melon chains. Then around 575 ºC, 

the polymerization begins to be more complete and create the idealized g-C3N4 structure. 

Eventually, at the higher synthesis temperatures, there begins to be some structural defects. OPTP 

results show that the U600 sample has the largest photoconductivity which is corroborated with 

the highest rate of photocatalytic CO2 reduction. This study provides crucial insight into an 

important heterogenous material used in many different catalytic fields and paves the way for 

further photocatalytic enhancement.  
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