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ABSTRACT 

 

The primary objective of this research project was to develop new light-absorbing 

components for dye sensitized solar cells (DSSCs) that are based on coal feedstocks.  The 

research addressed the fundamental challenge of converting insoluble coal mixtures into 

soluble macromolecular structures that can bond to a titanium dioxide surface and then be 

successfully incorporated into DSSCs.  For solubilization of crude coal samples, solution-

based chemical transformations were utilized to modify the periphery of coal 

nanostructures with long-chain alkyl bromides.   The percentage of coal solubilization 

was compared over a series of modification conditions as well as alkyl bromide chain 

lengths.  Longer hydrocarbon alkyl bromides were more effective with the average coal 

solubilization percentages approaching 66%.   

 

Carboxylic acid (COOH) functionality, which can interface with a metal oxide surface of 

a DSSC, was incorporated into the periphery of the coal nanostructure by employing 

COOH functionalized alkyl bromides or through chemical oxidation of the hydrocarbon 

network.  The incorporation of COOH was monitored via infrared spectroscopy and the 

dye materials were characterized both in solution and film using UV-Vis spectroscopy.  

The resulting materials were incorporated into DSSCs composed of a conductive titanium 

dioxide coated glass slides and a triiodide redox shuttle system.  The maximum power 

output was compared for the series of functionalized coal samples. 
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EXECUTIVE SUMMARY 

 

The ultimate goal of the research herein was to chemically modify coal so that it could be 

utilized in dye-sensitized solar cells (DSSCs).  A DSSC is one type of solar cell that 

depends on absorption of light by an organic dye.  The basic workings of a DSSC can be 

visualized in Figure 1.  A transparent electrode (typically a glass slide covered with 

fluoride doped tin oxide) is coated with a porous metal oxide such as titanium dioxide 

(TiO2).  The TiO2 layer is a semiconductor that can transport electrons efficiently but has 

a large band gap and therefore does not absorb significantly in the main photon flux of 

the solar spectrum.  The TiO2 

layer is therefore unable to 

convert a significant amount 

photons of solar illumination into 

electrical current. To increase the 

absorption range of the solar cell, 

organic dye molecules, which 

have a tunable band gap and 

therefore absorb a broader range 

of wavelengths of light, are bound 

to the TiO2 surface.  Excitation of 

an electron from the ground state 

to the excited state of the dye 

molecule, followed by electron 

transfer to the TiO2 begins the 

flow of current.  The electron travels from the transparent electrode to a platinum 

electrode that is connected in series.  To complete the circuit, an electrolyte solution that 

is usually composed of a tri-iodine/ iodine ion redox system transfers the electron back to 

the positively charged organic dye molecule to complete the circuit.   

 

The goal of this project was to replace the traditional organic dyes in DSSCs with Illinois 

coal.  This strategy was novel and intriguing for two reasons.  First, traditional organic 

dyes are based on ruthenium metal complexes that utilize a rare metal and are therefore 

inherently expensive.  Furthermore, the synthesis of these dyes are often time consuming 

and are not amiable to producing large amounts of material.  The replacement of 

expensive organic dyes with cheap coal-based materials could revolutionize solar cell 

feasibilities.  Cost estimations of DSSCs show that up to 11% of the costs are based on 

the organic dye.
1
  The abundance of coal combined with cheap chemical transformations 

to create soluble materials, would effectively eliminate the relative cost of this 

component for large scale production.  The second reason coal could be so valuable for 

this project is because of its inherent color, black.  Black colored materials (t-shirts, 

blacktop roads, small-molecules, etc) heat faster than lighter colored materials due to 

their broad absorption of sunlight over the visible spectrum.  The dark black color of coal 

suggests that the material similarly absorbs most wavelengths of light across the visible 

spectrum.  The fact that crude coal is black is convenient because synthetic chemists 

provide considerable effort and resources (with sometimes limited success) to develop 

organic molecules and polymers that are dark/black in the solid state.   

 
 

Figure 1.  Schematic of a DSSC with a coal-based 

dye (black circles).   
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The first coal solubilization strategies followed known procedures for base-promoted 

addition of alkyl bromides to crude coal samples.  We followed previously described 

methods including basic mixtures of potassium naphthalenide in THF, potassium 

hydroxide in dimethylsulfoxide, or n-butyl lithium and potassium t-butoxide in heptane.  

The method employing potassium naphthalenide was found to be optimal and was 

optimized by increasing the length of the alkyl bromide modifier.  For example, the 

solubilization of coal samples increased from 55% with a short 1-bromobutane modifier 

to above 66% for longer 1-bromododecane modifiers.   

 

This optimal modification methodology using potassium naphthalenide was extended to 

include alkylbromides that contain COOH groups on the second terminus (e.g., 1-

bromododecanoic acid).  Here, the goal was to incorporate solubility with the long 

flexible chains, but attach a polar functional group (COOH) that can bind to the titanium 

dioxide surface of a DSSC.  Using infrared spectroscopy, monitored the appearance of 

the COOH stretch in the reacted coal samples.  By varying the ratio of 1-bromododecane 

to the COOH-containing 1-bromododecanoic acid, we could vary the amount of 

incorporation of the carboxylic acid into the coal nanostructure. 

 

As a secondary methods for COOH incorporation, a chemical oxidation of the coal 

nanostructures was utilized.  The first attempts employed an intense sonication probe and 

a concentrated acid bath of sulfuric and nitric acids.  Such methods had previously been 

shown to create graphene nanodots from coal samples.  We found high degrees of 

solubilization in water solutions and the resulting solutions showed UV-Vis absorption 

profiles similar to alkyl-functionalized coal samples.   

 

The solubilized coal samples were then analyzed by UV-Vis spectroscopy and 

incorporated into DSSC devices to gauge their usefulness as dye materials.  The open 

circuit voltage and short circuit currents were measured for each of the devices and the 

solubilized coal samples were found to perform better than non-modified coal samples.  

There was no dramatic difference in performance between samples with varying degrees 

of COOH incorporation (10-50% COOH-containing dodecylbromide) suggesting the 

COOH concentration is not ultimately important, except that that minimal COOH must 

be present to allow fixation.    

 

As an investigation into simple building blocks for DSSC devices based on coal-derived 

materials, small molecule products of the oxidative hydrothermal dissolution (OHD) of 

coal samples were investigated for their properties.  The UV-Vis spectra show that they 

do not have as large of spectral absorbance compared to the coal samples and there 

performance in a DSSC was on par with crude coal.  However, the strategy of combining 

these small molecule components of OHD into larger more light-absorbing compounds 

may provide a route to higher performing DSSCs and will be investigated in the future. 
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OBJECTIVES 

 

The key project objective was to utilize the natural properties of coal to address key 

issues in DSSC development.  To accomplish the project’s objectives, insoluble coal 

materials were first converted into an organic solvent-soluble material that contains 

carboxylic acid functional groups.  The soluble coal samples were required to access 

solution-based processing techniques while the carboxylic acids were required to form 

stable bonds with surface hydroxyl groups on a TiO2 surface.  Although strategies for the 

solubilization of coal have been known for many years, the systematic functionalization 

to successfully interface the coal nanostructures with TiO2 was not known.  The specific 

objectives of this project were to:  

 

1) Systematically functionalize crude coal samples to obtain organic solvent soluble 

materials that maintain a majority of light-absorbing chromophores present in coal. 

 

2) Optimize reaction conditions to incorporate carboxylic acid (COOH) containing 

functionality that can bond to TiO2 surface. 

 

3)  Prepare and optimize DSSC devices prepared with coal as a light absorbing organic 

dye.  

 

We expected that the proposed research would significantly expand the current 

knowledge on coal functionalization by disseminating the reaction conditions that 

maintain the important aromatic character of coal.  Furthermore, the utility of an 

inexpensive organic dye such as coal is a paradigm shifting concept for the formation of 

solar cells.  The success of this project will provide new research avenues for the Illinois 

coal industry through the development of a new, unexplored market. 

 

INTRODUCTION AND BACKGROUND 

 

With the increase of energy needs of a growing world population, non-traditional 

technologies have been searched for in order to compliment nuclear and combustion-

based energy technologies.
2
  Although solar energy produced by inorganic materials such 

as silicon has been successfully implemented since the 1950s,
3
 organic molecule-based 

solar cells have only recently been discovered.  An organic-based device provides several 

benefits over a completely inorganic based system including the potential for cheaper 

fabrication and speedy access to large-surface area devices through the use of printing 

techniques.
4
  The first organic-dye based photovoltaic (OPV) was based on a bilayer 

junction architecture of donor and acceptor materials and was introduced by Tang in the 

1980’s.
5
  A second hybrid solar cell based on an organic dye and a large-bandgap 

inorganic semiconductor, known as a DSSC, was discovered by O’Brien and Grätzel in 

the early 1990’s.
6
  Both organic-based devices are still intensely being research but the 

DSSC system provides some benefits in relation to the all organic-dye based OPVs.
7
  The 

main advantage of a DSSC is that the morphology, or mixing order, of the donor and 

acceptor interface does not need to be time-consumingly optimized for each new organic 

dye as required in an all organic OPV.  The only stipulation on the design of the DSSC is 
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that an absorbing dye must bond or physically absorb to the TiO2 surface (Figure 2).  

This stipulation can be easily addressed by incorporating carboxylic acid (COOH) or 

phosphonic acids (P(O)(OH)2) into the synthesis of the organic dye.  The TiO2 

modification is typically accomplished by soaking a TiO2 surface in a solution of the dye.  

The “acid” functionality on the dye chemically reacts with hydroxyl groups (OH) present 

on the surface of the TiO2 to allow easy transfer of electrons from the dye to the 

inorganic TiO2 semiconductor.  In this project, we aimed to utilize coal as the active 

organic component of a DSSC.   

 

 
Before the work of this project was undertaken, we obtained preliminary data that 

showed that crude coal samples could be physically ground into the TiO2 and showed a 

photo-response in a DSSC.  In other words, in the absence of light, no signal was 

detected; however, upon exposure to a light source a current was detected.  This result 

demonstrates the photoconversion process can occur with a coal-based dye.  However, 

for these devices (Figure 3) the open-circuit voltage (0.15 V) and short circuit current 

(6.8 A) were both small relative in comparison to other known DSSC devices (other 

devices can measure up to ~0.8V and ~4-10 mV, respectively).
8,9

  These low values can 

be partially attributed to the insolubility of the coal sample utilized.  To interface the coal 

and the TiO2, a physical grinding was required to fuse the materials.  Unfortunately, this 

method is not satisfactory as much of the coal residues are removed when rinsed with a 

solvent bottle or when capping the device with the platinum electrode and liquid 

electrolyte.  The insolubility, and lack of reactive chemical functionality on the coal 

negates opportunities for the coal and TiO2 to find each other and to form a covalent 

bond.  For this reason, we proposed both the solubilization and functionalization 

(carboxylic acid) of coal so that it can better coat the TiO2 surface.   

 

 

 

 

 
 

Figure 2.  Left: Chemical modification of TiO2 with carboxylic acid (COOH) 

functionalized coal samples that are solvent-soluble.  Right:  The new coal-TiO2 

conjugate and the mechanism for charge transfer.  Light from the sun excites the 

aromatic residues of coal and an electron is transferred to TiO2.  The electron is free to 

migrate through the porous TiO2 network to the transparent electrode (See Figure 1).   
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Figure 3.  Preliminary result of a coal-based DSSC.   

Left:  Actual photograph of DSSC device made from unfunctionalized coal.   

Right: I-V curve of the device when exposed to light. 

 

For optimization of DSSCs, organic dye structures have been varied from the original 

ruthenium organometallic complexes,
10,11

 to donor-acceptor dyads
12,13

 and other small 

molecules.
14

  Interestingly, some of the highest efficiency devices are still based on the 

original ruthenium dyes.
6
  The dye structure must be able to absorb broadly over the 

visible spectrum and form a stable radical cation after electron injection into the TiO2 

(Figure 1).  A stable radical cation is common for most carbon-rich PAHs so when 

dealing with carbonaceous species, one should mostly design the organic dye around the 

absorption properties.  Typical organic dyes for DSSCs have band gaps ranging from 1.4 

to 2.0 eV, which provides absorption of low energy photons up to 850 nm or 620 nm, 

respectively.  From the black color of coal, the band gap structure should lie in the 1.8 eV 

range, which is comparable to other dyes previously utilized.  The general structure of 

coal involves highly crosslinked PAHs that form nanostructures (Figure 2).  There is no 

specific repeat unit, but rather a random assortment of aromatic (benzene rings) and 

aliphatic (cyclohexane and n-alkyl chains) regions that vary in ratio depending on the 

rank of coal (i.e. higher ranking coal has more aromatic residues).  Heteroatoms such as 

sulfur and oxygen are present in the nanostructures and are useful as a chemical handle 

for reaction chemistries. 

 

EXPERIMENTAL PROCEDURES 

 

Typical procedure for Modification A.  Potassium (1.0 g, 25 mmol) and naphthalene 

(0.068 g, 0.55 mmol) were stirred in 60 mL of tetrahydrofuran for 6 h in a dried 

roundbottom flask under argon.  To this solution was added a coal sample (1.0 g), which 

was allowed to stir overnight.  A solution of 1-bromohexane (2 mL) in tetrahydrofuran 

was added dropwise at 0 
o
C and then allowed to warm to room temperature and stir 

overnight.   The contents of the reaction was poured onto ethanol and then filtered and 

washed with water and then methanol.  The solid was vacuum dried under vacuum and 

elevated temperature.  A known weight of the resulting solid was then dissolved in a 

chosen of solvents with heating and mild sonication.  The solution was filtered and the 

solvent was removed to determine % solubility of sample. 
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Typical procedure for Modification B.  In a roundbottom flask were added a coal sample 

(1.0 g), 1-bromohexane (2 mL), and potassium hydroxide (2.0 g, 36 mmol).  This mixture 

was stirred at 60 
o
C overnight under argon.  The reaction mixture was cooled and water 

was added until a precipitate formed.  The solid was filtered, washed with water and then 

methanol before drying under vacuum at elevated temperature.  A known weight of the 

resulting solid was then dissolved in a chosen of solvents with heating and mild 

sonication.  The solution was filtered and the solvent was removed to determine % 

solubility of sample. 

 

Typical procedure for Modification C.  Potassium t-butoxide (0.80 g, 16.1 mmol) and n-

butyl lithium (10.5 mL, 1.6M, 16.8 mmol) were dissolved in 85 mL heptane in a dry 

roundbottom flask under argon.  The mixture was stirred for 15 min and the coal sample 

(0.35 g) was added.  The mixture was refluxed overnight.  After cooling, 1-bromohexane 

(3.0 mL) dissolved in heptane was added dropwise with the reaction cooled to 0 
o
C.  The 

resulting mixture was stirred at room temperature for 48 h.  The basic mixture was 

quenched ammonium chloride and methanol.  The solvent was removed via rotovap.  A 

known weight of the resulting solid was then dissolved in a chosen of solvents with 

heating and mild sonication.  The solution was filtered and the solvent was removed to 

determine % solubility of sample. 

 

Typical procedure for sonication oxidation.
15

  Coal (0.30 g) was dispersed in sulfuric 

acid (60 mL) and nitric acid (20 mL), and sonicated with a 1/4” microtip probe that was 

pulsed for 1 sec every 3 sec for 2 h at 0 
o
C.  The reaction was then stirred at 100 

o
C for 24 

h.  The solution was cooled to room temperature and then poured onto ice (~100 mL), 

followed by an aqueous KOH (3M) solution until pH 7.  The precipitate was allowed to 

settle and the supernatant was collected containing the solubilized coal nanostructures.   

 

Typical procedure for DSSC device formation.  To a conductive transparent glass slide is 

coated an even aqueous slurry of TiO2 powder.  The surface is annealed at 450 
o
C in an 

oven for 1 h and then cooled to room temperature.  A coal sample (50 mg) is dissolved in 

tetrahydrofuran via sonication and heat and then applied to the TiO2 surface and allowed 

to sit for 1 h in a sealed container.  Excess solvent was removed and the surface was 

washed with tetrahydrofuran.  A second conductive slide that was coated with graphite 

from a pencil was then placed on top of the TiO2/dye layer in a slightly offset manner to 

allow contacts with a multimeter.  Two large paperclips were used to hold the glass slides 

together and an electrolyte solution of potassium triiodide was injected between the 

plates.  The devices were measured using a setup using two multimeters and a 

potentiometer to measure the open circuit voltage and the short circuit current. 
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RESULTS AND DISCUSSION 

 

As an extension to our previous results obtained with non-solubilized coal, we initially 

investigated the solubility profile of a coal sample in a range of solvents.  Ten different 

solvents were screened and their spectroscopic properties were investigated.   The 

resulting filtered solutions (Figure 4, top) as well as the absorption spectra (Figure 4, 

bottom) for each sample are shown in Figure 4.  As expected, different colorimetric 

compounds were extracted from the coal sample depending on the composition and 

solubilizing ability of the solvent.  The UV-Vis spectra shows that better solvents were 

able to solubilize materials with absorption maxima up to ~500 nm, while poorer solvents 

only extracted smaller polycyclic aromatic hydrocarbons (PAHs) that showed absorption 

up to only ~300 nm.  The absorption profile of a blackberry extract is also included in 

Figure 4.  We have employed these samples in DSSC devices as described shortly.   

 

 
Figure 4.  Absorption spectra of crude coal samples solubilized in varying solvents.  

Blackberry in ethanol is added as standard. 

 

We then turned to the major thrust of the project that details the solubilization strategies 

of coal.  We approached this problem by utilizing several different methodologies (Figure 

5) that would provide flexibility and allow for systematic variations in the modifications.  

Our first goal was to find conditions that could solubilize a major portion of a coal 

sample.  As previously shown,16–21 coal samples can be modified with flexible 

hydrocarbon chains to aid in solubility.  These modifications provide bulky and dynamic 

chains that inhibit aggregation and provide degrees of freedom for solvent molecules to 

penetrate the nanostructures.  We screened several conditions (Figure 5, A-C) from the 

literature to find reaction conditions that worked in our hands. 
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Figure 5.  Coal functionalization and solubilization strategies. 
 

Each of these methods utilize highly basic conditions that create anionic species on the 

coal structure surface that can participate in nucleophilic displacement reactions an 

electrophilic species (e.g., alkylbromide).  We utilized simple hydrocarbons of 4, 6 or 12 

carbons in length with terminal bromide functionality (e.g., 1-bromohexane) as the 

solubilizing components.  The standard reaction conditions can be found in the 

experimental procedures section of this report.  Upon quenching the reaction and workup, 

we were able to determine the % 

solubilization of the new coal material to 

gauge the effectiveness of the 

modifications.  We have found modest 

improvements in the % weight 

solubilized in pyridine with increasing 

hydrocarbon chain length (Table 1).  

The largest % solubilization we were 

able to achieve with our samples was 

~66% with Method A and using the 1-

bromododecanoic acid modifier.  It is 

also apparent that method A was better 

suited at solubilizing the coal samples 

than methods B or C.  We performed the 

reactions on coal in duplicate or 

triplicate and took the average 

percentage solubilization for each 

method and aggregated that data in to 

Table 1. 

 

Owing to the apparent superiority of Method A to form soluble materials, we extended 

the methodology to alkyl bromides that contain carboxylic acid (COOH) functional 

groups.  This functionalization strategy will allow for binding events between the COOH 

and the TiO2 surface in DSSC devices.  Modification of the coal samples with a series of 

mixtures 100:0, 90:10, 70:30, and 50:50 of 1-bromododecane and 12-bromododecanoic 

acid (Figure 5A), respectively, was utilized.  The resulting modified materials were then 

Table 1.  Solubilization of coal samples 

using nucleophilic displacement with coal 

anions 

 

 

Hydrocarbon Method Avg wt% Sol.*

Br-C4H9 A 55%

Br-C4H9 B 38%

Br-C4H9 C 42%

Br-C6H13 A 59%

Br-C6H13 B 39%

Br-C6H13 C 44%

Br-C12H25 A 66%

Br-C12H25 B 45%

Br-C12H25 C 46%

* =  2 or 3 runs



10 

characterized by forming a ground dispersion of the coal in KBr and then pressing the 

mixture into a pellet to be analyzed by Infrared Spectroscopy (IR).  The resulting IR 

spectra can be found in Figure 6 with the characteristic stretches labeled above the chart.  

Several IR signals were uniform across all samples including an O-H stretch at ~3500 

cm
-1

, C-H stretches at ~3000 cm
-1

, C=C stretches at ~1590 cm
-1

, and the atmospheric CO2 

stretch at ~2350 cm
-1

.  However, considerable differences between each of the spectra 

were observed in the C=O stretch region at ~1710 cm
-1

.  For samples modified with only 

the 1-bromododecane, very little if any C=O stretch is observed.  Increasing the 

composition of the 12-bromododecanoic acid modifier led to systematically enlarged 

signals at 1710 cm
-1

 suggesting larger incorporation of COOH into the coal 

nanostructures.  With these more functionalize materials in hand we carried forward to 

the incorporation of the coal samples into DSSC devices.   

 

 
Figure 6.  IR spectra of coal samples modified with Method A and varying 

composition of 1-bromododecane and 12-bromododecanoic acid.  Increased 

COOH incorporation is found with increased 12-bromododecanoic acid content. 

 

 

An alternative method for COOH incorporation into the coal sample based on recent 

work by Tour and coworkers was also initiated.
15

  The method utilizes a probe sonicator 

tip (Figure 7, left) that allows the intense sonication of coal samples in concentrated nitric 

and sulfuric acids.  This method was recently shown to produce graphene quantum dots 

with carboxylic acid functionality, which was desirable for our studies.  A 1/4” probe tip 

was submersed in a 3:1 mixture of sulfuric acid and nitric acid and pulsed intermittently 

for 2 h while submersed in an ice bath.  After neutralization with aqueous base and 

removal of the precipitate, the coal solubilized aqueous suspension was characterized by 

UV-Vis spectroscopy.  As shown in Figure 7, the resulting orange solution maintained a 

similar absorption profile to non-functionalized coals with the majority of the absorbance 
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below 350 nm, but maintaining an absorption tail out to ~550 nm.  The structure of the 

resulting coal nanostructures is presumed to be broken down into smaller segments with a 

large concentration of COOH groups that allow the solubilization in the aqueous solution 

and provides an alternative method to Method A, where the materials are not as soluble in 

aqueous solution owing to the hydrophobic alkyl chains exposed on the coal 

nanostructure surface.    

        
 
Figure 7.  Probe sonicator setup for coal functionalization.  The probe was pulsed at 1 

sec blasts every 3 sec for 2 hours.   The resulting aqueous solution (right) and UV-Vis 

spectrum of solubilized coal nanoparticles via sonication method. 

 
Figure 8.  Visual representation of TiO2 surfaces exposed to coal that was extracted 

with different solvents.  Owing to the differing ability of a solvent to extract different 

coal nanostructures, the color of the resulting film was varied.  
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With the series of coal samples in hand, we began to prepare simple DSSC devices.  In 

general, conductive glass slides were coated with a TiO2 slurry and then annealed at 450 
o
C to fuse the TiO2.  Coal samples were taken up into a solvent and then dispersed on the 

TiO2 for up to 1 h to allow the dye molecules containing COOH to react with the surface.  

After washing the TiO2 with solvent followed by air drying, a second conductive glass 

layer with graphite was used to create a sandwich architecture and was held together with 

large plastic paper clips.  A potassium triiodide redox shuttle was injected between the 

layers and the devices were measured with two multimeters and a potentiometer in series.  

With this setup, the short circuit current and open circuit voltage for each device could be 

obtained.   Different coal samples produced different colored solutions owing to the 

different extracting abilities of the solvent.  A simple visual representation of this is 

shown in Figure 8.  Here, the non-functionalized coal samples (Figure 4) were taken up 

in a variety of solvents and then deposited on TiO2.  The results for each of the current-

voltage (I-V) curves for the devices prepared from non-functionalized coal and exposed 

to an external light source is shown in Figure 9.  The higher the open circuit voltage (y-

axis) and the short circuit voltage (x-axis) is, the higher the efficiency of the device.  The 

maximum power output (Pmax) from each device was calculated by the following 

equation Pmax = JSC X VOC X ff, where JSC is the photocurrent density measured at short 

circuit, VOC is the open circuit photo-voltage, and ff is the fill factor of the DSSC.  The 

values for the short circuit current and open circuit voltage are summarized in Table 2.  

As can be seen in the table, varying power outputs were found for the different solvent 

carriers.  The highest power outputs were found for benzaldehyde and tetrahydrofuran.  

Although these results do not specifically correlate with the longest wavelength 

absorption profiles found in Figure 4, both of these solvents were found to solubilize 

more colorimetric compounds.  Unfortunately, both of these samples were not as efficient 

as the prototypical natural dye, blackberry juice, in DSSCs. 

 

 
 

 
 

Figure 9.  I-V plot of non-functionalized coal samples deposited onto TiO2 after 

extraction with a series of solvents (Figure 8).   
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With the known performance of non-functionalized coal samples in hand, we then 

investigated the COOH functionalized coal samples prepared by Method A.  We 

compared a new set of DSSC devices prepared from native coal and then coal samples 

functionalized with 1-bromododecane and 12-bromododecanoic acid in 100:0, 90:10, 

70:30, and 50:50 ratios.  The I-V curves for these samples are shown in Figure 10.   

 
 

Table 2.  Resulting power output from crude coal-based devices without chemical 

modification. 

 
 

 

 

Solvent

Maximum Power

 (uW/cm
2
)

Short Circuit

 Current (A)

Open Circuit 

Voltage (mV)

Coal - Acetonitrile 1.8 51 165

Coal - Mesityl Oxide 4.8 56 275

Coal - MEK 1 91 52

Coal - NMP 1.7 27 222

Coal - Benzaldehyde 7.2 90 276

Coal - Pyridine 0.31 16 193

Coal - Methyl Sulfoxide 3.3 85 330

Coal - Ethanol 0.26 21 115

Coal - Ethyl Acetate 2.6 42 242

Coal - Tetrahydrofuran 6.8 83 265

Blackberry - Ethanol 29.4 350 430

 

 
Figure 10.  I-V plots of functionalized native coal and then coal samples 

functionalized with 1-bromododecane and 12-bromododecanoic acid in 100:0, 90:10, 

70:30, and 50:50 ratios. 
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Encouragingly, the short circuit currents of devices functionalized with COOH appeared 

to increase compared to the native coal.  The highest values approached 160 A which is 

about double for the native coal.  The open circuit voltage remained about 250 mV. 

 

Although there appears to be a trend in the plots of increasing performance with 

increased COOH incorporation, duplicated experiments show this result not to hold true 

with lower COOH incorporated species sometimes performing better than higher COOH 

species. There is clearly variation in the performance of the DSSC owing to fabrication 

differences.  Overall, however, the results for the DSSC devices clearly show 

improvement over non-functionalized samples and warrant further interrogation with 

different ranks of coal.  This work would be important as we have limited this work to 

one set up coal sample and therefore a single type of carbon network.  

 

As an alternative approach to the coal-based DSSC devices, we investigated the 

possibility of utilizing discrete small molecules that are known products of the oxidative 

hydrothermal dissolution (OHD) process developed by Ken Anderson at SIU.
22

  The 

process is unique in that it selectively breaks down a wide variety of coal types into 

simple building blocks including small-molecule phenols and benzoic acids.  We choose 

a small subset of known compounds prepared by the OHD process including 4-

hydroxybenzoic acid, 2,4-dihydroxybenzoic acid, and 3,5-dihydroxybenzoic acid.  The 

UV-Vis absorption spectra of these compounds can be found in Figure 11.   

 

 
 

Figure 11.  UV-Vis spectra of known OHD produced small molecules. 

 

The longest wavelength absorbance (e.g., optical bandgap) of these small molecules is 

relatively low with the onset of around 299 nm, 318 nm, and 335 nm for 4-

hydroxybenzoic acid, 2,4-dihydroxybenzoic acid, and 3,5-dihydroxybenzoic acid, 

respectively.  These values are significantly lower than the onset values of the native coal 

samples as shown in Figure 4 and demonstrates the lack of larger aromatic cores.  As it is 

important for the DSSC dye to absorb considerable photons in the visible region of the 

solar spectrum, these small molecules do not have the presumed desirable absorption 



15 

profiles needed for high efficiency devices.  However, we did incorporate these 

molecules into DSSC devices (Figure 12) and the power values can be compared in Table 

3.  The device performance was not as high as those of the COOH functionalized coal 

samples but was on par with unfunctionalized coal samples.  These results suggest that 

small molecule derivative based on the known OHD compounds may be useful, but 

perhaps derivatives with larger aromatic cores that can absorb larger portions of the solar 

spectrum would be more beneficial.  

 

 

 
  

 
Figure 12.  I-V plots of OHD produced small molecules incorporated into a DSSC. 
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Table 3.  Resulting power output from coal-based devices with COOH incorporation 

and OHD small molecule DSSCs 

 

 
 

 

Device

Maximum Power

 (uW/cm
2
)

Short Circuit

 Current (A)

Open Circuit 

Voltage (mV)

Native Coal 5.9 82 279

100:0 4.9 78 245

90:10 6.9 100 256

70:30 8.6 131 222

50:50 10.2 160 239

4-hydroxybenzoic acid 2.5 40 202

2,4-dihydroxybenzoic acid 2.6 51 192

3,5-dihydroxybenzoic acid 3.8 45 358
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CONCLUSIONS AND RECOMMENDATIONS 

 

The results of this work demonstrated that long chain alkyl groups with COOH groups 

can be incorporated onto the surface of coal nanostructures to help solubilize the organic 

nanostructures as well as help bind the resulting dyes to the surface of a TiO2 surface.  

We demonstrated that worked DSSC devices can be prepared with the newly formed 

COOH functionalized samples and they perform better (at least 2X) than non-

functionalized coal samples. We further investigated small molecules, which are 

produced by the OHD process, in DSSC devices.  Although these samples do show 

photocurrent, the aromatic size (one benzene ring) is most likely too small to be a useful 

chromophore for DSSC technology.  One possible extension of this strategy would be to 

develop chemistry that could fuse multiple known OHD products together to form larger 

aromatic systems with defined structure.  This process would essentially rebuild a new 

complex chromophore that has known function and characteristics from a cheap 

feedstock.  Such new chromophores would be reasonable owing to the availability of 

thiophene based precursors known to be a product of certain feedstocks in the OHD 

process.  Thiophene derivatives are often beneficial owing to their stable, aromatic 

character, as well as the 5-member ring structure that allows for unique electronic 

properties.  Finally, we are continuing to investigate the solubilized coal samples as we 

believe optimized device fabrication and techniques may lead to much improved 

efficiencies. 
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