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3. Results and discussion 

The FTIR results obtained from pure dopamine, a titania film, a titania film 

sensitized with dopamine in DI water for 6 hours, and a film sensitized with a 

polydopamine with a pH 8.5 for 6 hours are displayed in Figure 2.  

 

Figure 2: FTIR spectra of dopamine, polydopamine or dopamine-sensitized titania films 

(6 hr), and unmodified titania. A multiplication factor of 0.1 was used for the dopamine 

spectrum to make it legible. The transparent vertical lines presented are at 1191 cm-1 (δ 

(O-H)), 1261 cm-1 (ν (C-O)), and 1288 cm-1 (ν (C-O)).  

The principal IR assignments of key bands in the “fingerprint” region of the 

spectrum for all FTIR figures are summarized in Table 1.  
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 Table 1: Principal IR band assignments for FTIR spectra (cm-1). 

(…) 

(…)  

The pure dopamine results were reduced by a multiplication factor of 0.1 in order 

to enable comparison within Figure 2. The IR bands present in pure dopamine that were 

significant for interpretation are the following: 1191 (δ (O-H)), 1261 (ν (C-O)), 1288 (ν 

(C-O)), 1392 (δ (C-O-H in-plane)), 1473 (ν (aromatic C-C)), 1500 (ν (aromatic C-C)), 

and 1616 cm-1 (δ (N-H2)) [10, 30, 31, 56, 57]. Hogan et al. indicated that absorbed water 

molecules interact with scissoring vibrations as a broad band around 1630 cm-1, which 

explained the broad peak observed in the titania film sample [31]. When comparing pure 

dopamine to the dopamine- and polydopamine-sensitized samples, it is evident that the 

1191 cm-1 band disappeared while other bands characteristic of dopamine are clearly 

identifiable. The disappearance of the band associated with O-H bending with the 

evolution of a single band from the two bands associated with C-O stretching correlate to 

bidentate binding through the deprotonation of the phenolic groups of dopamine [31]. For 

these reasons, all FTIR figures include vertical lines at 1191, 1261, and 1288 cm-1 in 



 

11 
 

order to visibly identify this pattern. The presence of the primary amine bending at 1616 

cm-1 confirmed the presence of dopamine, not polydopamine [56]. These observations 

were common in dopamine-sensitized films in DI water over time, as seen in Figure 3.  

 

Figure 3: FTIR spectra of dopamine-sensitized titania films in DI water over time and 

unmodified titania. The transparent vertical lines presented are at 1191 cm-1 (δ (O-H)), 

1261 cm-1 (ν (C-O)), and 1288 cm-1 (ν (C-O)). 

Figure 3 displays the effect of changing the sensitization time for dopamine in DI 

water over times from 20 s to 6 h. Peak locations remain approximately the same over the 

period studied; the lack of an O-H bending band and presence of C-O stretching bands 

matches the bands presented in Figure 2. This trend indicates that the type of attachment 

was independent of time. Figure A1 shows the effect of changing the sensitization time 

for polydopamine in a pH 8.5 aqueous solution. The 20 seconds, 15 minutes, and 6 hour 

samples show bands at 1261-1268 cm-1 and 1280-1288 cm-1, which both represent C-O 

stretching. Without the O-H bending 1911 cm-1 band, all four time points showed a 
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strong peak about 1380 cm-1, which is representative of in-plane C-O-H bending; this 

finding would suggest the presence of monodentate binding and/or polydopamine binding 

[31, 56, 58]. The broad peak located around 3400 cm-1 is characteristic of the presence of 

absorbed water [59]. The peaks at 2846 and 2912 cm-1 are attributed to C-H stretching 

and are not seen in the dopamine-sensitized samples [60]. These peaks in conjunction 

with the presence of a strong 1380 cm-1 peak suggest monodentate binding. 

Polydopamine sensitization demonstrates features that are not present in the dopamine 

sensitization results. 

Figure A2 displays the effect of changing the sensitization time for dopamine in 

pH 8.5 aqueous solution from 20 s to 6 h. The presence of C-O stretching was observed 

in the two merging primary bands discussed in Figure 2: approximately 1261 and 1288 

cm-1. Together with the lack of a band at 1911 cm-1, it is evident that bidentate binding 

occurred independent of time. The trend and peaks observed in this figure match those 

found in the dopamine-sensitized samples in DI water, which indicate that increasing the 

pH did not affect dopamine attachment over the time span studied.  This suggests that 

dopamine did not polymerize extensively during sensitization, even at high pH.  

The effect of decreasing pH was then investigated. Figure A3 displays the effect 

of changing the sensitization time for dopamine in pH 3.5 aqueous solution from 20 s to 6 

h. The lack of 1911 cm-1 O-H band and presence of merging C-O bands 1261 and 1288 

cm-1 indicate bidentate binding in this pH water. These results culminate to the 

conclusion that sensitization in pure dopamine solutions at all pH conditions studied 

results in bidentate binding. Formation of polydopamine before sensitization results in 

either bidentate attachment of a form of polydopamine or a combination of monodentate 
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and bidentate attachment. FTIR, as a technique, suffers from an inability to clearly 

distinguish between mononuclear and binuclear bidentate binding with a single band; in 

order to differentiate between these two possibilities, XPS was employed [31].  

XPS was performed on a titania film, dopamine-sensitized films prepared in DI 

water, and polydopamine-sensitized films in pH 8.5 aqueous solution for sensitization 

times from 20 s to 6 h. A representative example of the XPS survey scan that was 

performed on every sample is presented in Figure 4.  

 

Figure 4: XPS survey scan of a polydopamine-sensitized film prepared in pH 8.5 aqueous 

solution after 6 hours. 

The survey scan demonstrates the presence of minor sodium (from NaOH) and 

chloride (from dopamine salt); for this reason and their increased resolution, HD scans 

were preferable for determining percent composition rather than survey spectra. The 

survey spectra shows the presence of titania after polydopamine-sensitization, which is 

indicative of an attached layer of less than 10 nm based upon the penetration depth of x-

rays in XPS [52]. Carbon, nitrogen, oxygen, and titanium were the elements that were 

chosen for HD scans. 
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The HD scans were individually deconvoluted into associated peaks and the 

corresponding peak areas were used to determine the percent composition presented in 

this analysis. A representative set of HD spectrum deconvolutions for a dopamine-

sensitized film (20 s) in DI water is shown below in Figure 5.  

 

Figure 5: Deconvoluted HD XPS spectra results of a dopamine-sensitized film (20 s) in 

DI water with labeled peaks. The upper curve in each plot represents the residual between 

the raw data (red in lower curves) and the sum (blue in lower curves) of the deconvoluted 

peaks (orange in lower curves). 

The C1s scan deconvolutes into peaks that correspond to the following bonds: C-

C/C=C, C-O, and C=O [61]. These bonds are found on any sample that is exposed to the 

atmosphere and is known as ‘adventitious carbon contamination.’ This is difficult to 
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differentiate from carbon in dopamine. The N1s scan consists of two peaks associated 

with a primary amine and a secondary amine [62]. The O1s Scan is a peak that has 

contributions from Ti-O and Ti-OH bonds [37]. The Ti2p scan has a doublet peak 

including Ti 2p3/2 and Ti 2p1/2 bonds [37]. The previously mentioned bonds are labeled 

within or adjacent to their corresponding peaks in Figure 5. After all the HD scans are 

deconvoluted for a sample, all the HD scans are charge shifted based upon shifting the C-

C/C=C bond to an energy level of 284.8 eV, which is a common practice in XPS 

analysis. The binding energies for these bonds were cultivated and are presented below in 

Table 2. 

Table 2: XPS functional groups and their binding energies (eV). 

 

As expected, the C-C/C=C bonds are all approximately 284.8 eV with minor 

variation originating from the analysis software. The nitrogen band (399.32 eV) and 

composition (0.4%) for the titania film are due to starting impurities in the film. The 

averages and standard deviations were compared for dopamine and polydopamine 

sensitization without a statistical difference; for this reason, the binding energies of each 

individual bond were analyzed and are reported in the following table:  
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Table 3: Calculated binding energies from HD XPS spectra deconvolutions for 

(poly)dopamine-sensitized titania films. 

 

The binding energies of the carbon bonds of (poly)dopamine-sensitized samples 

are consistent with the titania film sample, but this is the only element that is similar. The 

Ti-O and Ti-OH bonds found in the O1s scan shift by 2.7 and 2.28 eV, respectively, due 

to sensitization with either dopamine or polydopamine. The Ti 2p3/2 and Ti 2p1/2 bonds 

shift by approximately 2.82 and 2.83 eV, respectively. This shift indicates that these 

bonds play a role in adsorption, consistent with the interpretation of the FTIR spectra 

above [61]. Xin et al. indicated that a positive shift corresponds to electron transfer 

between adsorbed dopamine and titanium at the surface of nanotube photonic crystals 

[63]. Unsurprisingly, the difference in peak energy for the metal oxide doublet (Ti 2p3/2 

and Ti 2p1/2) is 5.7 eV in literature and all samples studied [64]. This information 

indicates that the titanium atom participates in adsorption and is capable of electron 

transfer with dopamine, but it does not conclusively distinguish between mononuclear 

and binuclear bidentate binding. 
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The intention was to use the change in binding energy to determine whether 

mononuclear or binuclear bidentate attachment occurred; however, XPS studies were 

unable to distinguish between mononuclear and binuclear attachment when performed on 

an anatase (101) single crystal and a rutile (110) single crystal by Syres et al. and 

Jackman et al., respectively [22, 29]. This challenge appears to originate from the 

limitations of the XPS technique. Although this experiment did not determine the 

difference between mononuclear and binuclear attachment, it provides information on the 

composition of the attached layer. The peaks atomic percentages were summed for each 

element in each sample and are displayed below in Table 4.  

Table 4: Percent compositions of polydopamine-sensitized films in pH 8.5 aqueous 

solution and dopamine-sensitized films in DI water calculated from HD XPS spectra. 

 

Both primary and secondary amine bonds are observed in XPS after sensitization, 

which is seen as an increase in nitrogen atomic percentage in Table 4. Samples that were 

sensitized with a polydopamine solution have a higher atomic percentage of carbon and 

nitrogen, suggesting that more dopamine monomer units are deposited. This implication 

was studied through TGA experiments (to be discussed below). Comparing the atomic 

percentage of secondary amine to primary amine provides a qualitative comparison of 
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polymerized dopamine on the surface of the films. These ratios are plotted below on 

Figure 6. 

 

Figure 6: Scatterplot comparison of secondary amine to primary amine bond atomic 

percentages from XPS results. 

The polydopamine-sensitized films have a greater secondary amine/primary 

amine ratio for sensitization times between 20 s and 6 h.  This observation is consistent 

with the formation of C-NH-C bonds proposed in most mechanisms of dopamine 

polymerization. This finding indicates that the degree of dopamine polymerization on 

titania films is higher for the samples that were sensitized with a polydopamine solution. 

This relation coincides with the increase atomic percentage of carbon for titania films 

sensitized with a polydopamine solution. In order to confirm this finding, another 

analysis technique was utilized.  

TGA was used to determine the combustible components and percent weight lost. 

Dopamine-sensitized films in DI water were analyzed by TGA, and the results are 

displayed in Figure 7.  
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Figure 7: Thermogravimetric analysis of dopamine-sensitized titania films prepared in DI 

water for different times. 

The vertical line observed on the TGA plots at 220 °C separated the evaporation 

of physically absorbed water up to 220 °C and the onset of organic decomposition, 

identified through the change in the derivative of heat loss [37, 65]. For the titania film, 

the drop in mass near 320 °C is due to the presence of residual organics, and the slight 

decline from approximately 500 °C to 600 °C is due to sintering and low water produced  

by condensation [66]. The weight percent degradation values displayed in Table 5 were 

obtained by subtracting the weight percent value at 600 °C from the weight percent value 

at 220 °C.  
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Table 5: Weight percent degradation after 220 °C of dopamine-sensitized and 

polydopamine-sensitized titania films. 

 

Figure A4 through Figure A6 display the TGA results from polydopamine-

sensitized films at pH 8.5, dopamine-sensitized films at pH 3.5, and dopamine-sensitized 

films at pH 8.5, respectively. The weight percent change due to curing of titania and loss 

of residual organics is approximately 4.50%, which is the basis for comparison for 

dopamine-sensitized and polydopamine-sensitized films. Dopamine-sensitized films vary 

in weight percent degradation values between 7.8 and 15.5%, but polydopamine-

sensitized films vary between 24.6 and 28.0%. There are not clear trends in the change of 

dopamine-treated samples with time, but the polydopamine samples increase somewhat 

from 20 s to 6 h. These results confirm the findings suggested in the XPS analysis: 

polydopamine sensitization results in an increased amount of dopamine attachment 

compared to any form of dopamine sensitization. In order to connect the amount of 

dopamine present on the films to electrochemical activity, UV-visible absorption spectra 

were obtained.  

While color changes in the films could be observed by direct visual inspection, 

UV-Vis spectroscopy was used to understand the nature of the species on the film and 

their wavelength-dependent light absorption properties. Spectra of dopamine-sensitized 

films in DI water from 20 s to 6 h are displayed in Figure 8.  
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Figure 8: UV-vis spectra of dopamine-sensitized titania films prepared in DI water for 

different times. 

As expected, the absorbance of the titania film in the visible region was low, and 

absorbance only started to increase in the UV range of the spectrum. Dopamine-

sensitized films have greater absorption in the visible range, with a wide and decreasing 

spectrum consistent with what has been reported for dopamine encapsulated in an 

amorphous titania matrix  [10]. The polydopamine-sensitized films in pH 8.5 aqueous 

solution have a similar absorbance spectrum to the dopamine-sensitized films, as seen in 

Figure A7. The polydopamine-sensitized film treated for 20 seconds have a higher 

absorbance than the titania film and a lower absorbance than the 15 minutes, 1 hour, and 

6 hours samples, which are all similar. The visible light absorbance appears to be 

independent of the sensitization time for both dopamine sensitization and polydopamine 

sensitization.  
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Although visible light absorbance appeared independent of sensitization time, 

dopamine-sensitized samples was directly compared to polydopamine-sensitized samples. 

Figure 9 shows this comparison for samples treated for 6 hours; this figure shows that 

polydopamine-sensitized films has a higher visible light absorbance than dopamine-

sensitized films. This suggests a positive effect of dopamine polymerization on light 

absorption, but it does not indicate whether this translates to better electrochemical 

performance. 

 

Figure 9: UV-vis spectra of a polydopamine-sensitized film in pH 8.5 aqueous solution (6 

hr), dopamine-sensitized film in DI water (6 hr), and unmodified titania film.  

Initially, the goal was to compare UV-vis spectra before and after electrochemical 

testing to learn about how testing affects polymerization and adsorption of 

(poly)dopamine. However, attempting to obtain UV-vis absorbance spectra from FTO 

coated slides results in spectra with an oscillatory feature, as seen in Figure A8. The 

absorbances measured on FTO vary drastically based on minor misplacements of the 
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sample, which is an unsolved challenge due to difficulties of sample placement. After 

understanding the visible light absorbance of these samples, the next step towards 

understanding the electrochemical performance is cyclic voltammetry. 

Cyclic voltammograms were used to gain an understanding of the stability 

window of titania films on FTO substrates. Beginning at 0.1 V, sequential cyclic 

voltammograms of a titania film were measured with maximum potentials up to 1.2 V, 

increasing by 0.1 V with each progressive scan in 1 M NaAc, and the results are 

displayed in Figure 10.  

 

Figure 10: Cyclic voltammograms of a titania film progressing into the positive region. 

The results indicate that the water oxidation reaction begins to drastically increase when 

the potential is raised to at least 0.7 V. This process was performed on a dopamine-

sensitized film (6 hr) in DI water in the 1 M NaAc, and the results are presented in Figure 

11. 

 



 

24 
 

 

Figure 11: Cyclic voltammograms of a dopamine-sensitized titania film (6 h) in DI water 

progressing into the positive region. 

The differences in Figure 10 and Figure 11 indicate the onset of the dopamine oxidation 

reaction in comparison to the water oxidation reaction. The dopamine oxidation reaction 

appears to drastically increase after 0.2 V with a maximum between 0.4 V and 0.5 V, 

which is where dopamine is most active. The three voltages that would produce the 

highest photocurrents would be limited to 0.2 V, 0.4 V, and 0.5 V. The decreasing 

maximum of the sequential scans and lack of a reduction peak on the return scans seem to 

indicate an irreversible oxidation, which is confirmed in further cyclic voltammetry 

experiments. This finding would suggest that current will be lost over time in 

amperometry experiments. This sample is representative of stability window tests for 

dopamine-sensitized films conducted in pH 3.5 aqueous solution and pH 8.5 aqueous 

solution. 

Cyclic voltammograms were also used to compare the behavior of titania films on 

FTO substrates with and without (poly)dopamine sensitization. The positive potential 

range for these samples were tested in 2 M NaAc at a scan rate of 0.1 V/s for films that 

were sensitized for 15 minutes and are displayed in Figure 12.  



 

25 
 

 

Figure 12: Cyclic voltammogram of the anodic trace of a titania film, dopamine-

sensitized film in DI water (15 min), and polydopamine-sensitized films in pH 8.5 

aqueous solution (15 min) in 2 M NaAc at a scan rate of 0.1 V/s. 

For unmodified titania, no oxidation peak is observed until electrochemical water 

oxidation begins at about 1.2 V. For sensitized samples, the results in Figure 12 are 

representative; increased oxidation is observed with a peak near 0.4-0.5V. In the anodic 

scan, Yan et al. determined 0.4 V as an optimal voltage for detecting dopamine with a 

titania based sensor; Piffer et al. measured dopamine at 0.3 V by silver nanoparticles 

sensitized electrode while Li et al. determined a dopamine oxidation peak at 0.19 V by a 

gold electrode [67-69]. Kang et al. determined the main oxidative peak of dopamine to be 

about 0.4 V, and 0.5 V was used as the potential for electrodeposition on a gold surface 

[70]. The oxidation voltage for dopamine varies depending on the system studied in 

literature. Dopamine oxidation in solution is accompanied by a dopamine reduction peak 

[68]. Without the presence of a reduction peak, irreversible oxidation is indicated.  
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This irreversible oxidation was confirmed by performing multiple cycles of 

anodic traces as seen in Figure 13, which is for a film sensitized with dopamine in DI 

water for 6 hours.  

 

Figure 13: Cyclic voltammogram of the anodic trace of a dopamine-sensitized film in DI 

water (6 hr) over 5 cycles in 2 M NaAc at a scan rate of 0.025 V/s. 

The representative plot seen in Figure 13 clearly demonstrates the decreasing 

current with every subsequent cycle, which was an indicative feature of irreversible 

oxidation. The increased current towards the maximum voltage in Figure 12 and Figure 

13 were the result of direct water oxidation at high potential.  

The cathodic traces for FTO, a titania film, and a film sensitized with dopamine in 

DI water for 15 minutes are displayed in Figure 14. All measurement were performed in 

1 M KOH at a scan rate of 0.01 V/s.  
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Figure 14: Cyclic voltammogram of the cathodic trace of FTO, a titania film, and a 

dopamine-sensitized film in DI Water (15 min) in 1 M KOH at a scan rate of 0.01 V/s. 

The FTO voltammogram has a reduction peak – 0.2 V, which is caused by the 

reduction of tin followed by the onset of water reduction at lower voltage [71]. The 

presence of a titania film on the FTO inhibits the reduction of tin by acting as insulator. 

The presence of dopamine on the titania films results in a larger magnitude of measured 

current: this negative current is attributed to the reduction of water starting as early as -

0.12 V. The onset of the hydrogen evolution reaction occurred at a higher magnitude of 

voltage than the reduction of tin [71]. After identifying the potential to operate 

amperometry experiments at a negative voltage, the stability window experiments were 

repeated. 

Beginning at 0.1 V, sequential cyclic voltammograms of a titania film were 

measured with a minimum potential of -0.4 V, decreasing by 0.1 V with each sequential 

scan in 1 M NaAc, and the results are displayed in Figure 15.  
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Figure 15: Cyclic voltammograms of a titania film progressing into the negative region. 

The tin reduction peak that is identified in Figure 14 is not present in the stability 

window measured, which confirms the insulation of tin by the titania film. In order to 

compare the stability window of a dopamine-sensitized titania film (6 h) in DI water, the 

stability window test was performed in 1 M NaAc, and the results are presented in Figure 

16.  
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Figure 16: Cyclic voltammograms of a dopamine-sensitized titania film (6 h) in DI water 

progressing into the negative region. 

The stability window of a dopamine-sensitized titania film (6 h) clearly resembles the 

featureless results of the titania film experiments in Figure 15. The similar measurements 

between these two sets of experiments indicate an opportunity to perform water reduction 

experiments without incurring new reactions due to the presence of dopamine.  

The cyclic voltammograms provides a few valuable insights into the systems 

studied. The tin reduction peak and dopamine oxidation peaks are irreversible processes. 

Figure 17 shows the effect of illumination by a blue LED (455 nm) on cyclic 

voltammograms of a representative dopamine-sensitized titania film sample. 
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Figure 17: Cyclic voltammogram of a dopamine-sensitized film in DI water (15 min) 

with and without blue LED illumination.  

Illumination by visible blue light does not alter the voltammogram, and trap 

capacitive effects that originate from photocurrent appear negligible [72]. These valuable 

insights provide the foundation for analyzing the photoelectrochemical performance of 

the samples.  

In order to determine the electrochemical activity of titania films, dopamine-

sensitized films, and polydopamine-sensitized films, photoelectrochemical performance 

values were defined. A representative sample of the amperometric current-time (i-t) 

curves that result from the experiments is presented for titania films in Figure 18.  
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Figure 18: Amperometric current-time (i-t) curves of three titania films in 2 M NaAc 

tested at a voltage of 0.5 V reported in current density (µA/cm2). The On/Off position of 

the light was indicated under the x-axis.  

The current of a titania film under an applied voltage of 0.5 V was measured with 

an area exposed to a visible blue LED light (455nm). The measured current is divided by 

the exposed area to be reported as current density (µA/cm2). Photocurrent density values 

are calculated by subtracting the photocurrent value when the light is turned off for the 

second time from the value when the light is on for the second time. The location of these 

values are labeled “Off value” and “On value” in Figure 18. Three samples were 

measured in this format in order to determine the error bars for future comparisons. These 

values were measured in a similar way for all samples and are presented in Figure 19 for 

titania films, dopamine-sensitized films (‘Dop’), and polydopamine-sensitized films 

(‘PD’).  
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Figure 19: Photocurrent densities calculated from amperometric current-time (i-t) curves 

of three titania films, three dopamine-sensitized films in pH 8.5 aqueous solution, and 

three polydopamine-sensitized films in pH 8.5 aqueous solution over time. 

These films were sensitized at pH 8.5 for 20 seconds, 15 minutes, 1 hour, and 6 

hours. The electrolyte for these photocurrent measurements was 2 M NaAc while the 

voltage was 0.5 V. The raw data are presented in Figures A9-A16, and the values 

obtained from these 27 films are presented in Table A1.  

Titania films exhibit lower photocurrent values (0.020 µA/cm2) than all forms of 

sensitization, which confirms the enhancement of visible light absorption. There is no 

statistical difference between sensitizations at 20 s due to large uncertainties. The larger 

treatment times give a statistical difference between dopamine and polydopamine 

sensitizations; dopamine provides a better photocurrent enhancement than polydopamine. 

Polydopamine sensitization results in a decrease in photocurrent enhancement over time, 

whereas dopamine sensitization hits its maximum enhancement at 15 minutes. Dopamine 
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sensitization results in a maximum photocurrent enhancement of 12.8 times (relative to 

titania) and 8.7 times for polydopamine. Understanding that TGA and XPS proves an 

increased amount of organic attachment occurred in polydopamine sensitization, an 

inverse relationship existed between the organic composition and electrochemical 

performance.  

This relationship suggests that dopamine polymerization negatively impacts 

photocatalytic performance, despite the increase in visible light absorption. Lowering the 

pH to 3.5 is one method of inhibiting dopamine polymerization. Dopamine sensitization 

was investigated at different pH values through the same amperometric current-time (i-t) 

curve experiments. These values were cultivated and are presented in Figure 20 for titania 

films, dopamine-sensitized films in DI water, pH 3.5 aqueous solution, and pH 8.5 

aqueous solution.  

 

Figure 20: Photocurrent densities at 0.4 V calculated from amperometric current-time (i-

t) curves of three titania films, three dopamine-sensitized films in pH 3.5 aqueous 

solution, three dopamine-sensitized films in pH 8.5 aqueous solution, and three 
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dopamine-sensitized films in DI water.  The sensitization time was 6 hours for all 

samples. 

The results presented in Figure 20 are for films sensitized for 6 hours, and the 

electrolyte used for photocurrent measurements was 0.5 M K2SO4 while the voltage used 

was 0.4 V. The raw data from these experiments is presented in Figures A17-A20, and 

the values obtained from these 12 films that are presented in Figure 20 are presented in 

the Table A2. 

Similar to the previous experiment, dopamine sensitization is found to induce an 

enormous increase in visible-light photocurrent. Under the conditions of this experiment, 

the enhancements relative to titania is 55 times, 75.1 times, and 27.4 times at pH 3.5, in 

DI water, and at pH 8.5, respectively. While impressive, both samples prepared at pH 3.5 

and at pH 8.5 result in lower visible-light photocurrents than the sample sensitized in DI 

water. Dopamine rapidly polymerizes at a pH 8.5, and the samples sensitized at this pH 

have the lowest photocurrent values as a result [47, 50, 73]. Consistent with the 

comparison of dopamine and polydopamine at pH 8.5, this supports the conclusion that 

polymerization during the sensitization process negatively impacts the resulting 

electrochemical performance. This is an important finding because both Ti:dopamine 

complexation and dopamine polymerization result in a reddish-brown tint to the films, 

but only Ti:dopamine complexation is desirable. 

 At the opposite extreme, dopamine polymerization is expected to be inhibited in 

acidic environments like pH 3.5, but unfortunately samples sensitized at this pH have a 

lower photocurrent than samples prepared in DI water [47, 74]. This may be because the 

amount of dopamine complexed to the titania surface in the most active form for charge 
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complex formation is reduced at pH 3.5. Reducing the pH increases the amount of 

protonated dopamine, which may have caused some electrostatic interactions of 

dopammonium cations to the titania surface. This series of experiments demonstrates that 

optimal dopamine/polydopamine sensitization conditions was dopamine in DI water.  

The voltages of 0.4 V and 0.5 V drive dopamine oxidation. In order to isolate the 

photocurrent generated due to illumination without voltage driven dopamine oxidation, 

an amperometry experiment was performed in 1 M KOH at 0.2 V, and the results are 

presented in Figure 21.  

 

Figure 21: Amperometric current-time (i-t) curves of a titania film and three dopamine-

sensitized titania films in DI water for different times in 1 M KOH tested at a Voltage of 

0.2 V with their calculated photocurrent densities reported in current density (µA/cm2). 

The On/Off position of the light was indicated under the x-axis. 

After running the experiment at a lower voltage, it is evident that operating at a 

voltage lower than the voltage of dopamine oxidation produces a stable and overlapping 
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dark current. At 0.4 V and 0.5 V, the dark current measured from titania films and films 

sensitized with (poly)dopamine do not overlap (there is a steady decrease with elapsed 

time), which is attributed to voltage-driven dopamine oxidation. Excess charge 

recombination occurs when the film is not illuminated (indicated by large spikes in 

photocurrent at the start of each illumination cycle), which indicates a buildup of excess 

unused charge carriers that could further increase the photocurrent measured. The 

behavior of dopamine-sensitized titania films under positive voltages was investigated 

thoroughly; the reasons for a lack of a long-term stable photocurrent required 

investigation.  

In order to understand the effect of being exposed to DI water during sensitization 

and photocurrent testing, titania films were soaked in DI water. After 6 hours, the films 

were removed, and 8 mM dopamine was added to the aqueous solution. For comparison, 

a fresh solution of 8 mM dopamine in DI water was prepared. UV-vis spectra of these 

solutions are displayed in Figure 22.  


