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Figure 5.3. Continued. 

 

To confirm the attachment of porphyrins, we monitored emission from an area (20 m × 

20 m) of the MoS2 film before and after ZnT4 adsorption. We reconstructed the 

spatially resolved emission contour of the pristine MoS2 and ZnT4-MoS2 films (Figure 

5.3b) based on the emission intensity measured at 660 nm. After ZnT4 functionalization, 

there is drastic increase in the emission across the entire area. As shown in Figure 5.4a, 

the new emerged emission signal is from ZnT4 upon being excited at 660 nm, which is 

the Q band region of ZnT4 (Figure 5.4b). From this observation, we conclude that ZnT4 

porphyrins adsorb on MoS2 films.  

 

We observed similar adsorption behaviors with other porphyrin species including ZnPP 

and ZnTPP in Figure 5.3. While there are no significant differences in the absorption 

spectra before and after porphyrin adsorption, strong porphyrin emission can be observed 

compared with pristine MoS2 films. Similar to ZnT4, as shown in Figure 5.4, both ZnPP 

and ZnTPP demonstrate strong photoluminescence signatures under 660 nm excitation, 

indicating that the emission increases are attributed to porphyrin functionalization. 
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Figure 5.4. (a) Emission Spectra of ZnTPP in Chloroform, ZnT4 in Water, ZnPP and 

FePP in DMSO under 633 nm Excitation. 

 

As shown in Figure 5.3e and f, there was no detectable difference between the pristine 

MoS2 and FePP-adsorbed film due to the lack of emission from FePP (see Figure 5.4a). 

This is because iron-centered porphyrins demonstrates prominent nonradiative decay due 

to effective the d-orbital quenching.[156]  

 

 

Figure 5.5. Raster-Scanned 2D Photoluminescence Maps of an as-Deposited (without 

Thermal Annealing) MoS2 Nanolayers before (Left) and after (Right) ZnPP Adsorption. 

 

To further verify the porphyrin adsorption on MoS2 films, we recorded the spatially 

resolved photoluminescence contour of the as-deposited MoS2 film (no annealing) with 

and without ZnPP. The un-annealed sample dominated by metallic 1T phase MoS2 shows 



83 

 

8
3
 

no emission (Figure 5.2a), whereas clear emission signatures from the ZnPP 

functionalized MoS2 un-annealed film demonstrate porphyrin attachment (Figure 5.5). 

All these results strongly suggest the adsorption of porphyrin molecules on MoS2 films. 

 

 

5.3.2 Photoelectrochemical Analyses 

Figure 5.6 presents photocurrents of the MoS2 film before and after thermal annealing 

along with un-exfoliated bulk MoS2 sample. The chemically exfoliated MoS2 flakes were 

deposited to form a large-area film on an ITO substrate, which should be in 1T metallic 

phase. In contrast, the bulk MoS2 powder was briefly sonicated and deposited onto an 

ITO. Thus, the bulk MoS2 sample retains its original semiconducting 2H phase. Anodic 

photocurrents were recorded from all MoS2 films under visible light illumination. Photo-

excited electrons were collected at the working electrode, while the holes are reduced 

through oxidation of the redox couple, Asc/DAsc. Then, the oxidized DAsc converts to 

Asc at the counter electrode (Pt cathode) via reduction by external electron flow, 

completing an electrical circuit loop. 

 

As shown in Figure 5.6, approximately 120 nAmp photocurrents were obtained from the 

annealed MoS2 under light irradiation, whereas bulk MoS2 generated much weaker 

photocurrents of ~10 nAmp. The as-deposited metallic 1T phase MoS2 film produced 

similar photocurrents of ~10 nAmp.[59, 73, 157] 
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Photocurrents of porphyrin functionalized MoS2 are shown in Figure 5.7. In Figure 5.7a, 

photocurrents from a MoS2 film before and after ZnPP functionalization are presented 

under 400-700 nm illumination. The photocurrents of the MoS2-ZnPP film demonstrate 

almost one order of magnitude increase from the pristine film (from ~140 nAmp to ~1.1 

Amp).  

 

 

Figure 5.6. Photocurrents Generated from the Chemically Exfoliated Solution-Processed 

MoS2 Film before (Black) and after (Red) Thermal Annealing. 

 

To investigate the origination of the photocurrents, photo-absorption of pristine MoS2 

film is compared with spectrally resolved photocurrents (Figure 5.7b). The photocurrents 

of pristine MoS2 and ZnPP functionalized MoS2 films were recorded under irradiation 

from 350 to 800 nm with a 25 nm increment. As discussed in Materials and Methods 

Section of this Chapter, the annealed MoS2 film (~18 g) in this measurement is 10 times 

thicker than other MoS2 samples (~1.8 g). Due to a dramatic the light intensity decrease 

after the monochromator, we employed a larger amount of MoS2 to acquire adequate 

photocurrents.  
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Figure 5.7. (a) Photocurrent Measurements of the MoS2 Nanolayers with and without 

ZnPP Attachment. (b) Action Spectra of the MoS2 Film before (Blue) and after (Red) 

Attachment of ZnPP along with Optical Absorption of Annealed Pristine Film. 

 

Here, the spectrally resolved photocurrents from annealed MoS2 and MoS2-ZnPP films 

follow the absorption spectrum. The photocurrents of MoS2-ZnPP are twice larger than 

those of the pristine film, displaying ~1% IPCE at 425 nm. 

 

Important insights can be obtained from the action spectra (Figure 5.7). The 

photocurrents generated from 550 to 700 nm match the A and B excitonic bands, and the 

photocurrents from 350 to 500 nm closely follow the C excitonic signature. Interestingly, 

a small photocurrent signature at ~425 nm is observed, corresponding to the Soret band 

of functionalized ZnPP molecules. This observation suggests a charge transfer process 

from the photoexcited ZnPP to the conduction band of MoS2. It should be noted that 

unlike this ZnPP-MoS2 result, the photocurrents the porphyrin-carbon nanotube hybrids 

in Chapters 3 and 4 match the absorption of the porphyrins instead of carbon nanotubes. 

Therefore, we conclude that the photocurrents are generated from the photoexcited MoS2, 

while the functionalized porphyrins can serve as photo-sensitizers in a very modest way. 
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For the most part, porphyrins play an important role in separating photoexcited charges 

and suppressing their recombination in MoS2. 

 

Finally, the results in Figure 5.7 suggest that the photocurrents are not closely related to 

the thickness of MoS2 films. The thin MoS2-ZnPP film demonstrated nearly a 10-fold 

enhancement with porphyrins (Figure 5.7a), whereas the thicker film in Figure 5.7b 

produced merely a 2-fold increase over the annealed MoS2 film. For the thicker film, the 

charge transfer distance is greater so that there is a greater possibility of recombination. 

 

 

5.3.3 Bias Voltage Measurements 

In order to better understand the change transfer mechanism, we applied external bias 

voltages on MoS2 and MoS2-ZnPP films and examined the corresponding photocurrents. 

As seen in Figure 5.8a and c, the short-circuit photocurrents from the annealed, pristine 

MoS2 film are almost identical (~110 nAmp) as those in Figure 5.6 and Figure 5.7a. 

Upon applying a positive voltage across between the MoS2/ITO and the counter 

electrode, photocurrents and dark currents (i.e. baseline or initial stable currents) increase 

simultaneously. 

 

The photocurrents increased from ~110 to ~200 nAmp, while the baseline currents 

increased from ~0 to ~450 nAmp at 50 mV. With increasing bias voltage, both 

photocurrents and dark currents were gradually elevated. At 200 mV, the photocurrents 

from the annealed MoS2 film were approximately 300 nAmp which is about three times 
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larger than that of zero bias voltage. A reverse trend was observed when negative bias 

voltages were applied. At -50 mV, the photocurrents were undetectable, while the 

baseline became approximately -300 nAmp. Negative bias voltage gradually promoted 

negative photocurrents, which implies that photoexcited electrons were drifted toward the 

counter electrode rather than the working electrode. The negative photocurrents reached 

about -250 nAmp at the bias voltage of -200 mV. 

 

 

Figure 5.8. Current Profiles of (a) Annealed, Pristine MoS2 and (b) MoS2-ZnPP Films 

under Bias Voltage and Photo-Irradiation. (c) Extracted Photocurrents from (a) and (b). 

 

The MoS2-ZnPP film displayed similar phenomena with the pristine MoS2 under bias 

voltages (Figure 5.8b and c). At 50 mV, the photocurrent from the ZnPP-MoS2 film 

increased from ~1 to ~1.2 µAmp, while the baseline ascends from ~0 to ~0.55 µAmp. 

Both photocurrents and dark currents gradually increased with increasing bias voltage 

and reached ~1.4 and ~4.5 µAmp at 200 mV, respectively. Similar to the pristine MoS2, 

the photocurrents monotonically decreased from ~1 to ~0 µAmp when negative bias 

voltage was changed from 0 to -200 mV. One would expect negative photocurrents at 

further negative bias voltages. The photocurrent mechanisms with bias voltage are 

discussed in the following section. 
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5.3.4 Charge Transfer Mechanisms between MoS2 and Porphyrins 

To elucidate the photocurrent behaviors of MoS2 films with and without porphyrins as 

well as with bias voltages, we first define the photocurrent increment or (I - Io)/ Io where I 

indicates the photocurrents of MoS2 with porphyrins and Io is the photocurrents of the 

pristine film. We then complied the photocurrent enhancements of all 8 porphyrin species 

versus the HOMO level of the porphyrins against vacuum (Figure 5.9). 

 

 

Figure 5.9. Photocurrent Enhancement of MoS2 Films as a Function of Porphyrin 

Species. 

 

The HOMO level values were extracted from several previous reports in the 

literature.[158-163] It is evident that the photocurrent enhancements are strongly correlated 

with the HOMO levels of porphyrins. The blue shade was inserted to guide the eye in the 

figure, and a curve fitting was performed which is discussed later. All the photocurrent 

measurement results to construct Figure 5.9 are presented in Figure 5.10 
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Figure 5.10. Photocurrent Measurements of MoS2 Films with (Red) and without (Black) 

Porphyrins or Phthalocyanine. 

 

In Figure 5.9, the photocurrents of the MoS2 films strongly depends on the porphyrin 

species as they increase with higher HOMO level versus vacuum. For example, ZnPP 

demonstrates nearly an order of magnitude increase in photocurrents compared with the 

pristine MoS2 film, whereas no significant photocurrent changes are observed after 

functionalization with H2T4 and ZnTPP. The photocurrents of the films with ZnT4 and 

H2TPP molecules exhibit a 2-fold increase. The MoS2 films functionalized with GaPP 
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and H2PP show almost the identical photocurrent enhancement, while FePP elevates the 

photocurrents of MoS2 films by about five times. Given that ZnTPP and ZnPP show 

completely opposite photocurrent behaviors, it is clear that the metal cations at the 

porphyrin cores alone cannot explain the dependence of MoS2 photocurrents on 

porphyrin species. 

 

The three ligands (T4, TPP, and PP) of porphyrins may be taken into consideration for 

evaluating the photocurrent enhancement behaviors. T4s have four pyridium ligands that 

are positive charged in aqueous solution. For TPPs, a net neutral charge is provided from 

their phenyl functioning groups.[151] Negatively charge can be expected from carboxylic 

moieties of PPs in aqueous solution.  

 

Here, both T4s and TPPs demonstrate relatively smaller photocurrent increases than that 

from PPs. The photocurrent enhancements of PPs show large variations within a single 

ligand group; for instance, 8-time increase for ZnPP and only 3-time enhancement for 

H2PP.  

 

The enhancement of the photocurrents is directly correlated with relative magnitude 

between the HOMO level of each porphyrin and valence band maximum (VBM) of 

MoS2. The VBM of monolayer MoS2 is obtained from numerical calculations in previous 

reports in the literature.[164] This correlation can be described in Equation (6). 
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 I − I0

I0
= 0.22 + 0.14 e

HOMO−VBM
0.23  ( 6 ) 

 

The exponential fitting well describes the interplay of photocurrent enhancements with 

the energy difference between the HOMO of porphyrin and the VBM of MoS2. 

 

 

Figure 5.11. Charge Transfer Pathways for Photocurrent Enhancement in MoS2 Films by 

Surface Engineering with Porphyrins. 

 

To elucidate this correlation, we propose mechanisms for charge transfer processes in the 

MoS2-porphyrin systems. Figure 5.11, red lines indicate electron injection pathways, 

while blue arrows represent hole transfer. Grey lines illustrate the photoexcitation, and 

green lines suggest prominent charge recombination. After photo-excitation, electrons in 

the MoS2 sample are promoted into the conduction band (CB) which are ultimately 

collected at the ITO.[165] The holes left in MoS2 can be transferred to the redox couple in 

electrolyte solution whose redox potential lies higher than the VBM of MoS2.
[166] The 
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oxidized products, DAsc, diffuse towards the Pt electrode and are reverted to Asc, thus 

generating photocurrents. 

 

Several other processes may compete with the proposed charge transfer mechanism. For 

example, the electrons in the excited state can experience radiative or nonradiative 

quenching to the valence band (VB). There could also be recombination between the 

holes in the MoS2 VB and electrons in the ITO. All these processes suppress the 

photocurrent outputs. 

 

Porphyrin adsorption may reduce the charge recombination processes in the MoS2 

nanolayers, thus promoting current generation. For porphyrins that have higher HOMO 

levels than the VBM of MoS2, the holes generated after photo-excitation may be 

transported to the attached molecules, thus minimizing the back reaction and 

recombination. The suppression of charge transfer with surface functionalized porphyrins 

is more prominent, compared to the pristine MoS2 that simply depend on slow diffusion 

of the redox couple.  

 

In above scheme, the charge transfer would be more efficient with porphyrins that have 

higher HOMO levels (e.g., ZnPP and FePP), resulting in tremendous current increases. 

However, the porphyrins with similar or lower HOMO levels compared with the VBM of 

MoS2 (such as H2T4 and ZnTPP) are expected to make insignificant impacts on the 

photocurrent enhancement. Thus, the hole transfer from MoS2 to H2T4 and ZnTPP should 

be minimal or unfavorable. Thus, the photocurrent improvements by H2T4 and ZnTPP 
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are negligible, which is evident in the photoelectrochemical experiments. It is worth 

noting that the CBM and VBM levels of MoS2 in Figure 5.9 are reported for monolayer 

MoS2, which are different from those of few-layer MoS2 flakes, considering that band 

energies of MoS2 are strongly dependent on the layer numbers.[164, 167] 

 

Along with the porphyrins shown in Figure 5.9, there are two additional chromophore 

molecules tested for improving photocurrents in MoS2: CuT4 and nickel tetrasulfonated 

phthalocyanine (NiPc), as shown in Figure 5.10h and i, respectively. However, the results 

are not incorporated in Figure 5.9 due to the lack of information about their 

HOMO/LUMO levels.  

 

Besides the photocurrent enhancement from MoS2, it is noted that there is a minor 

portion of photocurrent increment generated from the porphyrin molecules. As we 

learned from Figure 5.7b, the porphyrins such as ZnPP can modestly contribute to the 

photocurrents as photosensitizers, which inject electrons into MoS2 (indicated by red 

dashed line in Figure 5.11) after photoexcitation. 

 

The bias voltage effects may be also explained by the aforementioned mechanism. Upon 

applying a positive bias voltage, the work function of the ITO may be shifted downward 

against the vacuum, causing a larger energy difference between the working function of 

ITO and the CBM of MoS2. As a result, the photoexcited electrons from MoS2 or MoS2-

porphyrin films have higher chances to transfer to the ITO due to a larger driving energy 

for electron injection and suppressed recombination. Thus, higher anodic photocurrents 
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are observed with positive bias voltage applied. On the contrary, negative voltages reduce 

the work function of ITO, therefore decreasing the driving force for photoexcited electron 

transfer to the ITO. Continous increase of negative bias voltage leads to a point where the 

ITO work function lies above the CBM of MoS2, resulting in inverted photocurrents. 

Futhermore, larger negative bias voltages end up as more prominent negative (i.e. 

cathodic) photocurrents.  

 

The impact of porphyrin on the reversal of the photocurrent direction is evident (Figure 

5.8c). The inflection point transitions from roughly -50 mV with the MoS2 film to about -

200 mV for the MoS2-ZnPP sample. The shift of the inflection points by ~150 mV is 

attributed to ZnPP. However, the gap between the work function of ITO and the MoS2 

CBM is roughly 500 mV as shown in Figure 5.12, which is larger than the energy 

difference between two inflection points. This discrepancy may be explaind considering 

the actual gap between CBM and VBM of few-layer-thick MoS2 films should be 

significantly smaller. This implies that the energy difference between ITO and CBM of 

MoS2 may be much less than 500 mV. Overall, these results verify the effectiveness of 

interfacial porphyrin molecules on modulating MoS2 properties . 

 

 

5.4 Summary 

In this Chapter, we sucessfully manufactured large-area ultrathin films from chemically 

exfoliated MoS2 layers. Here, 8 porphyrin species were explored for modulating the 

photoelectrochemical properties of the MoS2 films. We observed nearly an order of 
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magnitude photocurrent enhancement from the ZnPP-functionalized MoS2 compared 

with the pristine film. The increase of photocurrents are strongly correlated to the HOMO 

energies of the functionalized porphyrins. A porphryin with a higher HOMO level 

displayed a greater photocurrent enhancement from the MoS2 film. We attributed the 

phenomena to the interfacial porphyrins that significantly reduced charge recombination 

within the system, and thereby, enhanced the photocurrents. We also demonstrated that 

porphyrin functionalization effectively modulated the reversal potentials of the 

photocurrents (e.g. from anodic to cathodic photocurrents). Our results and explanations 

provide important insights about the fundamental properties of 2D MoS2 nanolayers 

interacting with porphyrins or other organic compounds, which should form a basis for 

utilizing 2D TMDCs in light-harvesting applications. 
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CHAPTER 6. CONCLUSIONS 

6.1 Summary 

This thesis has investigated two promising semiconducting nanomaterials integrated with 

porphyrin chromophores for fundamental light-harvesting studies. Novel donor-acceptor 

systems were designed and constructed using SWCNTs and MoS2 nanolayers, and 

studied for the photophysical and photoelectrochemical properties. 

 

Carbon nanotubes are conceptually rolled-up graphene sheets and are synthesized 

chemically as a mixture of various species, which may be either semiconducting or 

metallic. With the advances of SWCNT separating techniques, high-purity 

semiconducting SWCNTs are now available which are highly desirable as charge 

acceptors in a light-harvesting complex due to their ability for charge separation and high 

carrier mobility. To preserve the excellent physical properties of pristine SWCNTs, 

noncovalent chemistry may be used, which can also solubilize them in aqueous solution. 

In this thesis, synthetic DNA oligonucleotides were used for dual purposes of (1) 

noncovalently functionalizing SWCNTs and (2) recognizing target donor chromophores.  

 

In Chapter 3, DNA-SWCNT hybrids were designed and functionalized with various 

porphyrin species. The DNA-assembled SWCNT-porphyrin nanohybrids were deposited 
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to construct large-area thin films through membrane filtration. The nanohybrid films were 

demonstrated for photoelectrochemical conversion. The magnitude and direction of 

measured photocurrents were strongly correlated with electrolyte conditions. To elucidate 

the photoconversion processes in the nanohybrids, several porphyrin species were 

examined using steady state and transient measurements of their fluorescence and 

phosphorescence signatures. We found that the electrons after photo-excitation at the 

Soret band of the porphyrins rapidly relax to the lower-lying singlet state, and are 

transferred to carbon nanotubes and converted to photocurrents. Once electrons undergo 

an intersystem crossing to a triplet state, they return to the ground state by either emitting 

phosphorescence or interacting with molecular oxygen in the solution. However, CuT4 

experiences different relaxation pathways as the excited electrons efficiently transition to 

a triplet state. As a result, all nanohybrids demonstrated similar photoconversion 

efficiency of ~1.5% under the experimental conditions with the exception of CuT4-based 

hybrids.  

 

Chapter 4 introduced a new concept of regenerative light harvesting to counteract the 

photo-induced degradation of donor molecules. Using DNA aptamers that selectively 

recognize protoporphyrins by forming a G-quadruplex structure, we designed the 

SWCNT-DNA-GaPP hybrids capable of system regeneration. We demonstrated that 

photo-damaged porphyrins could be removed from DNA-SWCNTs by modulating the 

chemical environment, and fresh GaPP molecules were re-assembled to form fully 

functional photoelectrochemical nanohybrids. As photo-degrading nanohybrids were 

dynamically regenerated, the resulting photocurrents were fully recovered. This new 
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approach could be invaluable for improving overall light-harvesting efficiency and 

extending the service lifetime. 

 

Nanolayered MoS2, an emerging 2D material, shows promise in light harvesting. Chapter 

5 addresses two critical issues in using MoS2 nanolayers in photoelectrochemical 

conversion. First, we introduced a scalable, cost-effective manufacturing approach that 

includes chemical exfoliation of MoS2 flakes from bulk crystals and membrane filtration 

based deposition to form large-area MoS2 films. Second, an interfacial engineering 

strategy was developed to mitigate charge recombination within MoS2 nanolayers due to 

the defects and small flake sizes. Eight molecules from three distinct porphyrin families 

were explored as interfacial molecules to suppress charge recombination and thus to 

increase photocurrents. A maximum 10-fold increase of photocurrents was observed from 

ZnPP-functionalized MoS2 nanolayers. We found that the photocurrent enhancement is 

strongly correlated with the potential difference between the HOMO level of porphyrins 

and the valence band maximum of MoS2. 

 

Overall, the scientific insights and engineering approaches explored in this thesis will be 

useful in designing next-generation photovoltaic and photoelectrochemical cells. The 

proposed new concepts and potential solutions for the current issues could transform 

solar cells into the most powerful renewable energy method for our society. 
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6.2 Future Study 

The new scientific knowledge and engineering breakthroughs in this thesis provide an 

inspiration for further investigation of light-harvesting materials and systems based on 

SWCNTs and MoS2 nanolayers. Several directions for future studies are outlined below. 

 

The electronic gap alignment of donors and acceptors may be explored within the 

porphyrin/SWCNT nanohybrid based solar cells. The tunability of porphyrin 

chromophores modulates the electronic energy levels based on their ligand groups and 

cation centers. Given the combinatorial library of ligands and metal-centers, it is possible 

to find a matching energy level between donors and acceptors, which can directly 

represent the driving force of charge transfer under illumination. This is also one of the 

research areas in DSSCs, where chromophores serve as charge donors. In parallel, 

SWCNTs, used as charge acceptors in our system, may vary in chirality and species, 

exhibiting various electronic band structures. They demonstrate not only two 

(semiconducting and metallic) electronic types, but also a wide range of bandgap and 

energy level indexed by chirality vector (n, m). Each charity leads to a unique Fermi 

level. It is possible to sort the SWCNTs by their species using density gradient 

ultracentrifugation and select a single chirality that has a favorable electronic energy 

level. From the combination of porphyrins and SWCNTs, we may explore and identify a 

matched electronic energy level between single SWCNT species and porphyrin 

chromophore. Such effort will form the basis to develop high-efficiency and 

environmental friendly photoelectrochemical energy conversion systems. 
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Figure 6.1. Schematic Diagram of Tandem TMDC Based Solid-State Light-Harvesting 

Devices.  

 

Another important research direction is the scalable manufacturing and interfacial 

engineering of 2D TMDCs using porphyrins, aiming at rendering nanolayered TMDC a 

strong candidate for high-performance solid-state light-harvesting devices. Given the 

limited visible absorption by a single 2D TMDC layer, it is advantageous to design a 

tandem solid-state device using several nanolayered TMDCs. For example, WS2 flakes 

have excitonic absorption peaks in purple (~ 450 nm), blue (~ 530 nm) and orange (~ 610 

nm), while excitonic bands A and B of MoSe2 monolayers are positioned in red (~ 708 

and 810 nm).[168-170] By constructing tandem solar cells composed of multiple TMDCs 

nanolayers, it is possible to maximize the utilization of incident solar radiation. 

Therefore, future efforts may be focused on designing and constructing an efficient sub-

cell for photo-excitation, charge separation and shuttling, as shown in Figure 6.1. We 

plan to tailor energy levels of electron and hole transport layers, as well as 2D TMDC 
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coated electrodes in order to provide effective pathways for photogenerated charges. 

Within the TMDC based photoactive layer, interfacial molecular engineering can 

enhance the performance, as shown in Chapter 5. By matching energy levels between 

TMDCs and porphyrins, it is possible to develop a photoactive layer with high internal 

quantum efficiency. In parallel, it is important to establish a strategy to assemble all 

components manufacturing all solid-state devices. For this purpose, we may apply 

sequential vacuum filtration depositions for photoactive and charge transport layers.  

Ultimately, our efforts could lead to cost-effective light-harvesting devices capable of 

pan-spectral light absorption and high-efficiency energy conversion.   
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