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Abstract 
Metal and mineral catalyzed organic photochemistry in 

modern and prebiotic environments 
by 

David Mangiante 
Doctor of Philosophy in Earth and Planetary Science 

University of California, Berkeley 
Professor Jillian Banfield, Chair 

 
Minerals and metals serve important roles in the organic geochemistry of natural 
environments. Mobility of organics, catalysis of degradation, and redox catalysis are among 
the processes affected by minerals. With the addition of ultraviolet light a new suite of 
photo-induced redox reactions is possible including reductive and oxidative ligand-to-
metal/mineral charge transfer. Such reactions allow for novel chemistry that has relevance to 
the modern Earth as well as the pre-biotic origin of life. 
 This thesis describes processes by which electrons transfer between minerals/metals 
and organic ligands relevant to natural systems as well as the origins of life. I present 
evidence of ultrafast electron transfer and the production of radical intermediates essential to 
deducing redox reaction mechanisms. I also present methods for communicating 
understanding of interfacial chemistry to the public that promote engagement in science. 
This thesis is broadly applicable to those interested in mineral organic photochemistry, 
electron transfer, the origin of life, and science teaching methods. 

I probed the chemistry between organic molecules and minerals/metals, using 
pump/probe transient absorption (TA) spectroscopy to observe the dynamics of electrons 
and vibrational modes at timescales ranging from picoseconds to nanoseconds. This 
technique can be conducted in solution and can be highly sensitive to intermediate reaction 
products. 
 I examined the photolysis of the metal carboloto, ferric oxalate, under UV irradiation 
using mid-infrared TA spectroscopy in both D2O and H2O. Ferric oxalate is a model 
molecule for natural systems and is used to measure photo flux due to its well-characterized 
quantum efficiency. However, the mechanism of its photolysis is debated. This was the first 
time the intermediates of ferric oxalate photolysis were observed using techniques sensitive 
to the vibrational states of organic molecules. I observed the rapid intramolecular charge 
transfer and the production of CO2 and tentatively CO2

•–. Additionally, we observed 
intermediate states that we interpret to be CO2 disassociating from ferrous iron, a signature 
never before reported.  
 Investigations of photo-induced electron transfer were expanded to ZnS 
nanoparticles and fumarate. Fumarate is an intermediate metabolite in the tricarboxilic acid 
(TCA) cycle, which is a part of core metabolism in modern organisms. It undergoes a two-
electron reduction to form succinate. Reductive versions of the TCA cycle may have been 
important for the origin of prebiotic metabolism. I measured the effect of adsorbed 
fumarate on the electronic states of photo-excited ZnS and observed electron transfer both 
at short (<1 ps) and long (>1 ns) timescales. Additionally, I observed an electronic signature 
tentatively attributed to fumarate radical, which persisted for at least 8 nanoseconds. The 
appearance of a long-lived radical intermediate product and the rapid initial electron transfer 
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from the mineral to the organic suggests that ZnS could be a viable catalyst for prebiotic 
metabolism on the early Earth. 
 To better educate students on the importance of mineral surface chemistry I 
designed and implemented a classroom experiment wherein students performed electrolysis 
of water using mineral electrodes. The experiment emphasized both the mineral catalysis and 
mineral redox chemistry, which occur at the solid/liquid interface. Concepts in interfacial 
chemistry are often difficult to exhibit, making this teaching tool unique and useful. Students 
were guided through a set of investigations and constructed their understanding through 
observations and sharing of ideas. The experiment was successfully implemented in a college 
level mineralogy course. 
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Chapter 1:  Introduction 
 
 
 
One of humanity’s most debated scientific and philosophical questions is how life originated 
on Earth. Almost all civilizations construct stories for the origin of living organisms. 
Concepts for the original of life are strongly based on perceptions of the natural world and 
scientifically generated narratives are no different. In distinction with most founding stories, 
however, science methods are based on the testing of hypotheses. However, this is extremely 
difficult to do with processes in distant Earth history.  
 
1.1   What is life? 
 
To consider how life began, we must first define what it means scientifically to be alive. 
Though many viable definitions have been proposed, the one proposed by Gerald Joyce and 
adopted by NASA exhibits the generality and simplicity to help inform the study of the 
origin of life. It reads, “Life is a self-sustaining chemical system capable of Darwinian 
evolution.” (Benner 2010)  
 
1.2   Conceptual frameworks for the origin of life 
 
There are two frameworks often used for developing ideas for the emergence of life. The 
“top down” approach examines the commonality in modern organisms to suggest necessary 
features of past organisms. The “bottom up” approach imagines chemical reactions useful to 
life by considering the chemicals and environments that likely existed on the early Earth. 
These concepts have inspired many influential and creative studies that we briefly describe 
below.  
 
1.3   Top down: Chemical systems active in modern organisms that could have been 
important in the pre-biotic earth 
 
Observing modern organisms, we notice a multitude of chemical systems with common 
features, such as genetic encoding, core metabolic cycles, and the maintenance of chemical 
homeostasis. Consideration of metabolism has inspired many theories and is the basis for 
this thesis.  
 
1.3.1   Catalysis is a key biological capability 
 
Reaction catalysis is a core capability of all living organisms. In modern organisms, enzymes 
comprised of folded proteins are the dominant catalysts. Enzymes, however, are not found 
in meteorites or elsewhere in the solar system and are not likely to have formed 
spontaneously on the early Earth. Thus the first life forms may have needed other molecules 
or systems to catalyze reactions.  
 
1.3.2   Origin of Life Theory: RNA World 
Ribonucleic acid (RNA) is a versatile macromolecule with many roles in current organisms 
but which also could have aided in the generation of complexity and metabolic precursors 
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prior to the emergence of life. Modern genetic encoding is performed by deoxyribonucleic 
acid (DNA). Information is stored in DNA molecules and template onto ribonucleic acid 
(RNA) molecules, which in turn encodes for proteins. RNA can fold onto itself to form a 
structure called a ribosome. Ribosomes have been shown to catalyze protein synthesis and 
RNA synthesis (Strobel and Cochrane 2007). Researchers have shown that RNA enzymes 
are capable self-sustained replication (Lincoln and Joyce 2009). It is likely that earliest life 
forms exploited the catalytic and self-replicating properties of RNA.  
 
The possible roles of RNA are an important area of origin of life research. However, it is not 
a topic of this thesis which explores mineral-based catalysis as an alternative system.  
 
1.3.3   Core metabolic may record chemical cycles available on the early Earth 
 
Modern organisms use diverse metabolic processes to exploit environmental chemical 
disequilibria to gain energy through catabolism and build molecular complexity through 
anabolism. Some groups of reactions are common among extant organisms leading 
researchers to consider them to be preserved signatures of the reactions available to the 
earliest life forms to obtain energy or to build essential molecules. Analysis of conserved 
metabolic reactions can thus provide a coherent framework for investigating early 
metabolism.  
 
From an analysis of all intermediate metabolic compounds the tricarboxylic acid (TCA) cycle 
emerged as a possible set of compounds that could have existed on the early Earth 
(Morowitz, Kostelnik et al. 2000, Smith and Morowitz 2004). The TCA cycle is used by all 
organisms containing mitochondria and many organisms that do not. In addition, the TCA 
cycle can be driven in reverse, consuming energy to synthesize larger organic molecules. 
Thus, the TCA cycle is an excellent candidate for an important early chemical cycle.  
 
 
1.4   Bottom up: What ingredients for life were present on the Early Earth?  
 
The surface of the early Earth was certainly very different than the modern surface. The 
atmosphere was likely a weakly reducing and comprised of N2 and CO2 with trace amounts 
of H2 (Kasting and Howard 2006). Plate tectonics had likely not yet begun and thus the 
oceans could have been dotted with volcanic features from oceanic spreading centers and 
hot spots (Van Kranendonk 2011). Buffered by basalt, the oceans on the early Earth were 
likely around neutral pH (Sleep 2010). The oceans were likely teaming with colloidal minerals 
produced by hydrothermal activity and plentiful in small organic acids (Johnston 2010). 
 
1.4.1   Organic material on the early Earth 
 
Though little evidence remains preserved in the rock record for the composition of organic 
molecules present on the early Earth, observations of meteorites and celestial bodies provide 
hints as to the molecules available to the first organisms. Carbonaceous chondrites such as 
the Murchison meteorite preserve a record of the chemical state of the early solar system. 
Though mostly comprised of silicates and native metal, these meteorites can be rich in 
organic matter. Analysis of the Murchison meteorite show that it contains up to six carbon 
carboxylic acids, amino acids, and long chain hydrocarbons (Cooper, Kimmich et al. 2001, 
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Pizzarello and Shock 2010). Other celestial bodies may give insight into the organic 
compounds on the early earth. Saturn’s largest moon, Titan, has a predominantly nitrogen 
atmosphere, similar to Earth’s, which contains a vast array of organic molecules including 
high molecular weight and polyaromatic compounds (Lopez-Puertas, Dinelli et al. 2013). 
There is widespread agreement that the early oceans would have been replete with diverse 
organic molecules.  
 
1.4.2   Minerals and metals as energy sources and catalysts on the early Earth 
 
Inorganic solids could have provided sources of chemical energy on the early Earth. In 
addition, many inorganic solids and molecules are well known to possess catalytic properties.  
 
1.4.3   Origin of Life Theory: Iron-Sulfur World 
Gunter Wachtershauser was one of the first scientists to suggest an intimate relationship 
with mineral and life processes. In his seminal 1988 paper he describes the generation of 
metabolism through the chemical reactivity and catalytic properties of iron and sulfur 
minerals. This became known as the iron sulfur world theory for the origin of life 
(Wachtershauser 1988).  
 
Modern environments that exhibit similar characteristics to the iron sulfur world are 
hydrothermal vent systems at mid ocean ridges and regions of serpentinization. Vent 
systems like the Lost City have large temperature gradients that drive fluid flow and chemical 
gradients in pH and Eh that fuel biologic metabolisms (Martin, Baross et al. 2008). Black 
smokers, as these vents are called, are excellent sources of zinc, iron, and sulfur 
nanoparticles, which provide both chemical potential as well as surface area to catalyze 
reactions (Hsu-Kim 2008, Yucel 2011). 
 
 
1.4.4   Mineral Catalysis with UV light 
 
Many transition metal oxide and sulfide minerals (PbS, FeS2, ZnS, TiO2, MgO, CuO, etc.) are 
semiconductors, which can absorb light and become electrochemically out of equilibrium 
from their surrounding environment (Xu and Schoonen 2000). In a similar manner to the 
iron sulfur world, photo-activated semiconducting minerals could provide an energy source 
and catalytic potential to drive metabolism on the early Earth. 
 
1.4.5   Origin of Life Theory: Minerals as Prebiotic Photocatalysts 
It has been speculated the mineral photochemistry may have driven prebiotic carbon cycling 
and generated minerals clusters that were analogous to the oxygen evolving complex of 
photosystem II. Martin et al. who observed the reduction of reverse TCA cycle 
intermediates by zinc sulfide (ZnS) minerals irradiated by UV light (Zhang and Martin 2006). 
They found that photo-activated ZnS was able to catalyze seven reaction steps in the rTCA 
cycle, with varying yields. It is currently unknown, however, whether these processes could 
have operated under the conditions of the early Earth.  
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1.5   Overview of dissertation 
 
The principal topic of my studies is an evaluation of the capability of ZnS to photocatalyze 
one reaction in the rTCA cycle: the reduction of fumarate to succinate. Although we cannot 
test directly the hypothesis that fumarate photoreduction would have been a prebiotic 
process, I sought to constrain plausible environments in which this reactions could take 
place by using chemical analysis, particular ultrafast spectroscopy, to determine the 
mechanism of reduction.  
 
Studies of reaction yields in a given chemical system generally do not have enough 
information to evaluate whether a process would occur in a different environment. By 
determining a detailed reaction mechanism we can constrain the modern and early 
environments for this reaction to have occurred. A full assessment of the abiotic rTCA cycle, 
beyond the scope of this thesis, would be to combine mechanistic assessment of a reaction 
sequence and verify the full suite could be compatible with one or more plausible 
paleoenvironments.  
 
1.5.1   Ultrafast spectroscopy 
 
Ultrafast spectroscopies provide a powerful set of tools for determining reaction 
mechanisms. By providing spectral information regarding electronic states as well as 
vibrational modes a full picture for the intermediate states and compounds present in a 
reaction. Coupled with the time resolution from femtoseconds to nanoseconds, dynamics of 
intermediates can be observed allowing for complex kinetic models.  
 
1.5.2   The photolysis of ferric oxalate 
 
To help develop understanding of electron transfer mechanisms and the resulting 
intermediate products I examined the photolysis of ferric oxalate. The primary goal of the 
study was to determine the intermediate compounds produced after irradiation by UV light 
through the acquisition of ultrafast mid-infrared absorption data. Additionally, I sought to 
describe the rates of intramolecular charge transfer and ligand dissociation.  
 
1.5.3   Teaching electrochemistry 
 
Linking my passion for teaching with my knowledge of electrochemistry I developed a 
classroom activity to explore the surface chemistry on mineral electrodes. I explored topics 
of catalysis and redox with the students while producing hydrogen and oxygen gas through 
the electrolysis of water. The investigation prompted students to work together to couple 
observations with previous knowledge to gain understanding of a complicated topic. 
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Chapter 2:  Mechanism of Ferric Oxalate 
Photolysis 

 
 
 

2.1   ABSTRACT 
 
Ferric oxalate is a photoactive metal organic complex found in natural systems and utilized 
to quantify photon flux due to its high absorbance and reaction quantum yield. It also serves 
as a model complex to understand metal carboxylato complex photolysis but the mechanism 
of photolysis and eventual production of CO2 is not well understood. In this study we 
employ pump/probe mid-infrared transient absorption spectroscopy to study ferric oxalate 
photolysis in D2O and H2O. We found that intramolecular electron transfer from oxalate to 
iron occurs on the picosecond timescale creating a short lived intermediate compound that 
dissociates to form ferrous oxalate, solvated CO2(aq) and a species proposed to be CO2

•–. This 
work provides direct spectroscopic evidence for intermediate states during photolysis and 
presents a technique to analyze other environmentally relevant metal carboxylato photolysis 
reactions. 
  

 
2.2   INTRODUCTION 
 
Dissolved iron in natural waters is commonly complexed by small organic molecules through 
carboxylic acid functional groups (Weller, Tilgner et al. 2014). Fe(III) carboxylato complexes 
are typically more photoactive than unbound species because complexation introduces new 
optical absorption bands associated with electron transfer from the organic to unoccupied 
states of the metal. Ligand–to–metal (LMCT) transitions can cause iron reduction and 
initiate the oxidative degradation of organic acids. These photolysis reactions are important 
components of the iron redox cycle and major pathways for the mineralization of dissolved 
organic matter (DOM) in sunlit waters (Faust and Zepp 1993). Moreover, they can be 
harnessed for organic contaminant degradation (Wu, Brigante et al. 2014).   
 
Numerous organic acids, including tartrate, lactate, malonate and pyruvate, undergo similar 
complexation and photolysis reactions with iron (Wang, Chen et al. 2010, Weller, Tilgner et 
al. 2014). Ferric oxalate, Fe(C2O4)3

3-, or ferrioxalate, is distinguished by quantum yield that 
exceeds unity. Consequently, ferrioxalate is a commonly used actinometer for quantitating 
the flux of light in aqueous systems (Hatchard and Parker 1956) and has been chosen as a 
model system for studying the mechanisms of iron carboxylato photolysis reactions. The 
overall reaction upon illumination can be expressed as (Hislop and Bolton 1999)  
 

2𝐹𝑒!!! 𝐶!𝑂! !
!! !!

2𝐹𝑒!! 𝐶!𝑂! !
!! + 2𝐶𝑂! + 𝐶!𝑂!!! 

 
It is generally accepted that a single photoabsorption event reduces iron and creates a radical 
species capable of reducing a further ferrioxalate molecule. The radical anions of both 
carbon dioxide (CO2

•–) and oxalate (C2O4
•–) have been proposed as the key reactive 
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intermediate but neither the identity of the intermediate nor the reaction pathway have been 
confidently established.  
 
Recently, several groups have studied ferrioxalate photolysis using time-resolved optical and 
X-ray spectroscopic methods. Chen et al. (2007) used benchtop extended X-ray absorption 
fine structure (EXAFS) spectroscopy at the Fe K-edge with 2-ps temporal resolution to 
monitor Fe-O bond length changes following photoexcitation. They concluded that an 
excited state oxalate ion is lost from the complex before decomposing to form one CO2

•– 
species that subsequently reduces iron. Pozdnyakov et al. (2008) used transient optical 
absorption spectroscopy with 5-ns resolution and spectral range of 310–750 nm to study 
microsecond optical transients in ferrioxalate solutions with and without the electron 
acceptor methyl viologen. They proposed that electron transfer from oxalate to iron forms a 
bound oxalate radical that subsequently dissociates into solution. Ogi et al. (2015) used near-
edge X-ray absorption fine structure (NEXAFS) at the Fe K-edge with 0.2-ps resolution and 
observed a prompt shift of the Fe absorption threshold to lower energy, consistent with 
rapid iron reduction. Based on this observation and density functional theory calculations 
they proposed that electron transfer from oxalate to iron produces a bound excited state that 
dissociates as CO2

•– and CO2.  
 
None of the time-resolved spectroscopic methods used to date in this system are directly 
sensitive to the chemical state of the organic ligand. Infrared (IR) spectroscopy probes the 
vibrational modes of molecules and complexes and is highly sensitive to specific molecules, 
functional groups and bonding types. Time-resolved IR spectroscopy has been used to 
reveal the intramolecular electron transfer pathways as well as excited-state molecular 
reorganization (Lomont, Nguyen et al. 2012). Here, we employed optical-pump, mid-IR 
probe spectroscopy with 0.1-ps resolution to detect changes in the ferrioxalate complex 
following optical excitation and to seek direct evidence for the formation of intermediate 
species. 
 
2.3  MATERIALS AND METHODS 
 
2.3.1 Ferric oxalate synthesis 
Iron(III) oxalate hexahydrate, a solid powder with an Fe:oxalate ratio of 1:1.5, was purchased 
from Alfar Aesar. We added anhydrous sodium oxalate powder (Sigma–Aldrich) to attain the 
stoichiometry of ferrioxalate and added water or deuterium oxide for a target concentration 
of 0.1 M. After 24 hours in the dark, non-dissolved solids were separated by centrifugation 
and the FTIR spectrum of the supernatant was measured in transmission in a 100–µm 
pathlength CaF2 flow cell using a benchtop FTIR spectrometer (Nicolet). The samples were 
diluted with water or D2O until the optical density (OD) at 1700 cm-1 was unity. The 
estimated ferrioxalate concentrations were 10 mM.  
 
2.3.2 Pump probe infrared transient absorption spectroscopy 
We performed transient absorption (TA) spectroscopy with a 266-nm pump and mid-IR 
detector at the Argonne Center for Nanoscale Materials (CNM) using an amplified 
femtosecond Ti:sapphire laser system at 2 kHz repetition rate. A small amount of the laser 
output is frequency shifted using an optical parametric amplifier (OPA) and directed through 
a grating to generate the continuous white mid-infrared light probe. The remaining 800-nm 
power pumps a second OPA to produce the excitation pulses. The two outputs then enter a 
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TA spectrometer (Helios, Ultrafast Systems), where the pump is variably delayed relative to 
the pump via a mechanical delay line. A HgCdTe mid-infrared array detector is used to 
collect the spectral content of the probe from 440 to 760 nm as a function of delay (limited 
to a maximum delay of 3 ns). The overall time resolution was 100 fs, as inferred from the 
cross-phase modulation during temporal overlap of the pump and probe pulses. Infrared 
laser pulses were housed in sealed boxed purged with nitrogen to limit absorption by water 
vapor and other atmospheric absorbers. 
 
Typical samples consisted of approximately 10-mM ferric oxalate dissolved in either H2O or 
D2O pumped through a CaF2 flow cell with a pathlength of ~10 microns. These two 
solvents provide different absorption windows in the mid-IR in which vibrational signatures 
of ferrioxalate and photolysis products could be observed (see Figure S1).  
 
2.3.3 Fitting time constants 

All time constants presented in Table 1 are fit with the functional form: 𝐼(𝑡) = 𝐴𝑒!! ! 
where I is transient absorption, A is a pre-exponential absorption, and τ is the time constant. 
 
 
 

 

 
 

FIGURE 1. Transient mid-IR data of ferrioxalate in D2O. A. Selected 
transient spectra from 0.5 ps (blue) to 3 ns (red) following photoexcitation. 
The ground state IR spectrum for dissolved ferrioxalate is shown in black 
(right axis). B. Kinetics traces extracted at 1636 cm-1 (blue) and 1681 cm-1 
(red) and fitted with exponential functions (dashed black lines). Time zero 
represents the onset of illumination. 

 

A 
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2.4   RESULTS 
 
2.4.1 Mid–IR transient absorption spectroscopy in D2O 
Photoexcitation of ferrioxalate with 266 nm UV light in D2O causes prompt changes in the 
infrared spectrum between 1600 cm-1 and 1725 cm-1 (Figure 1A). In the ground state, this 
region is dominated by an absorption band around 1675 cm-1 due to the asymmetric 
stretches of C-O groups, vas(C–O), that are bound to iron(III) (D'Antonio, Wladimirsky et al. 
2009). This signal is lost within 2 ps and does not return within ~3.5 ns (Figure 1B). A 
positive response at 1660 – 1600 cm-1 appears with a  ~0.75 ps rise time. This feature 
subsequently decreases in intensity, shifts to redder wavenumbers and changes from a broad 
absorption to a more defined peak that is not lost after 3.5 ns.  
 
 

 
 

FIGURE 2. Transient mid-IR spectra for ferrous oxalate acquired at early (5 
ps) and late (3 ns) time points (red lines) compared with the difference 
spectrum for ground-state (GS) ferrous and ferric oxalate (dashed lines). The 
ground-state spectra are given in Figure S2. The early spectral lineshape is 
well accounted for by a reduction from ferric oxalate to ferrous oxalate but 
agreement in the 1600–1650 region becomes poorer with time.  

 
 
2.4.1.1 Reduction from ferric to ferrous oxalate within 0.5 ps 
Reduction of iron(III) oxalate to iron(II) oxalate causes vas(C–O) to shift by about 32 cm-1 
(Figure S2). We compared transient spectra with groundstate ferric and ferrous oxalate by 
subtracting FTIR data, finding good agreement with the lineshapes of the transient spectra 
(Figure 2). This comparison provides strong evidence that iron reduction occurs very 
rapidly following photoexcitation and is detectable by changes in the vibrations of spectator 
oxalate ligands.  
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2.4.1.2 Formation of CO2
•– within 20 ps 

The transient spectra in the 1600-to-1660 cm-1 portion of the oxalate vas(C–O) region evolves 
with time and is no longer fit by a model in which iron(III) is reduced to iron(II) (Figure 
3A). Specifically, the initially broad absorption sharpens and shifts to lower wavenumber. 
During the first two picoseconds after illumination the peak of the feature is poorly defined, 
but thereafter the shift in peak position can be quantified from 1642 cm-1 to 1631 cm-1 
(Figure 3b). The peak shifts with a time constant of 9.9 ps and persists at least to 3 ns. As 
discussed below, we tentatively interpret the resulting feature to be the CO2

•– molecule.  
 
 
 

 

 
 

FIGURE 3. Transient mid-IR spectra of ferrioxalate in D2O depicting the 
spectral window that evolves with time. A. Stacked spectra from 2 ps to 3 ns 
showing the transformation of the initial signal into a new absorption feature 
centered at 1631 cm-1. Grey markers denote calculated peak positions. B. The 
kinetics of the peak shift plotted for short (left) and long (right) timescales.  
Within the first 20 ps the peak rapidly shifts from 1642 cm-1 to 1634 cm-1 and 
then to 1631 cm-1 at 3 ns. Dashed black lines represent a fitted exponential 
trend with a time constant of 9.9 ps. 

 
 
 
 
 

A 
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2.4.2 Mid–IR transient absorption spectroscopy in H2O 
 
2.4.2.1 Formation of CO2 within 20 ps 
Photoexcitation of ferrioxalate in water generates a major new absorption peak at 2343 cm-1 

(Figure 4A), which agrees well with the v3 asymmetric stretching band for dissolved CO2 

(Schadle, Pejcic et al. 2016). This absorption band grows in with a time constant of 9.3 ps 
(Figure 4B). Two additional peaks at 2312 cm-1 and 2290 cm-1 also appear within the first 
picosecond after UV illumination. These peaks are lost with time constants of 13.0 ps and 
2.1 ps, respectively, periods over which the strength of the 2343 cm-1 peak continues to grow 
in intensity.  
 
 
 

 

 
  
 

FIGURE 4. Transient mid-IR spectra of ferrioxalate in H2O in a region 
sensitive to the v3 asymmetric stretch of CO2 dissolved in water. A. Spectra 
acquired at 5.0 ps (blue), 9.9 ps (green), and 50.1 ps (red). The major peak at 
2339 cm-1 is assigned to CO2 (aq)

 v3 (as) while the other spectral features are 
attributed to short-lived states of CO2 complexed with iron prior to release 
into solution. B. Kinetics extracted at 2339 cm-1 (blue dashed line) 2312 cm-1 
(green dashed line) and 2290 cm-1 (red dashed line) shown at short and long 
timescales. Fitted exponential trends in intensities are shown in black dashed 
lines and indicate time constants of 9.3 ps, 13.0 ps, and 2.1 ps. The onset of 
the signal from CO2(aq) occurs within 1 ps, similar to the timescale of iron 
reduction (Figure 1B). 

 

A 
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2.5   DISCUSSION 
 
2.5.1 The reduction of iron 
The rapid spectral shift of the 1680 cm-1 peak (Figure 2) is consistent with the transition 
from ferric oxalate to ferrous oxalate and strongly suggests that intramolecular electron 
transfer from oxalate ligands to central iron atoms occurs within the first picosecond after 
illumination. The ~0.75 ps rise time for this feature matches the 0.14–3 ps range reported by 
Ogi et al. for iron reduction. 
 
 
2.5.2 The decomposition of oxalate 
The prompt appearance of an absorption band attributable to dissolved CO2 (Figure 4) is 
strong evidence that oxalate undergoes photolysis following ultrafast electron transfer to Fe. 
The growth in the strength of the CO2(aq) signal, on a timescale that is correlated with the 
disappearance of secondary signals, suggests complex molecular dynamics for the 
dissociation of a molecule within the coordination shell of the metal. We infer that oxalate 
photolysis creates a mixture of free dissolved CO2 and two bound states of CO2 that are 
released from Fe within 20–30 ps. The prompt production of aqueous CO2 after ferric 
oxalate photolysis limits the likelihood that C2O4

•– is not generated as an intermediate 
compound. Additionally, the appearance of the ferrous oxalate vibrational band within one 
picosecond implies that the initial excited state electron density of the system is located on 
the iron atom and not on an excited state oxalate. 
 
 
TABLE 1: Best-fit time constants for transient processes observed by infrared spectroscopy. 
The use of D2O vs. H2O (which transmit infrared radiation in different spectral regions, see 
Figure S1) should not impact the timescale of processes, as the reaction does not involve 
protonation reactions. 
 

Wavenumber Solvent τ (ps)* Assigned Interpretation 

1636 D2O 2.9 Loss of ferric oxalate 

1683 D2O 3.3 Appearance of ferrous oxalate 

1642 to 1631 shift D2O 9.9 CO2
•– 

2339 H2O 9.3 CO2 (aq) 

2312 H2O 13.0 CO2 coordinated by ferrous iron 

2290 H2O 2.1 CO2 coordinated by ferrous iron 
*All time constants were fit by the functional form 𝐼(𝑡) = 𝐴𝑒!! ! 

 
The observations of iron reduction and CO2 formation require the generation of CO2

•– as 
the third product of oxalate photolysis. Indeed, the formation of this species, which has a 
formal reduction potential of around -2V, (Breitenkamp, Henglein et al. 1976), would 
explain the quantum yield exceeding unity. The excess electron causes a bent triatomic 
geometry and the v3 asymmetric stretch of this species is in the same spectra region as the IR 
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signal at 1631 cm-1 (Figure 3). Infrared absorption features attributed to this band of CO2
•– 

have been identified at low temperature in neon at 1658.3 cm-1 (Jacox and Thompson 1989) 
and argon at 1657.0 cm-1 (Zhou and Andrews 1999), and at room temperature in KBr at 
1671 cm-1 (Hartman and Hisatsun 1966). Alkali metals spontaneously reduce CO2 and the IR 
spectra of complexes such as Li+CO2

•– appear around 1600 cm-1. Although our observed 
transient feature is different in position and spectrally broader than these reported 
observations, this difference could be explained by solvation in D2O. Additionally, the 
timescale of production for this feature is similar to that of CO2 formation (Table 1), 
suggesting that both processes occur in the same mechanistic step of oxalate photolysis.  
 
2.5.3 The reaction mechanism 
Given the strong evidence for prompt iron(II) oxalate formation as well as the production of 
CO2 and a possible signal from CO2

•–  we propose two intermediate states exist during the 
first three nanoseconds after illumination depicted in Figure 5. We propose a primary 
reaction pathway with three compounds: A. ferric oxalate starting material, B. ferrous oxalate 
with weakly bound CO2 and CO2

•– intermediate states, and C. ferrous oxalate with 
dissociated CO2 and CO2

•–. Since we observe small signals associated with CO2 during the 
first picosecond after illumination, we propose a secondary pathway which only includes 
compounds A and C. Our proposed reaction pathways and their associated time constants 
can be described by:  
 

 𝐴
!!! !"

𝐵
!~!" !"

𝐶 

𝐴
!!! !"

𝐶 
 
Our data show iron reduction occurs within 1 ps and that that the vibrational spectroscopy 
of ligands can provide an ultrafast probe of the valence state of a central metal atom. This 
conclusion fits most closely with those of Ogi et al. (2015) who observed rapid reduction of 
iron and proposed the production of CO2 and CO2 radical. Their detection of ultrafast 
intramolecular electron transfer, seen in shifts in the Fe K-edge, is consistent with our 
observed vas(C–O) band shift associated with the transition from ferric to ferrous oxalate. 
 

 
FIGURE 5. Diagram illustrating the starting molecule (A) and two 
intermediate products of photolysis (B,C).  

 
 

FeIII 

O	
CC	

O O

O

_	

_	 _	

_	 _	

_	

FeII 

O
	

C
C	

O
O

OO
	

C
C	

O
O

O

_	 _	

C	

O

O
O	

C

O

�
_	

_	 _	 FeII 

O
	

C
C	

O
O

OO
	

C
C	

O
O

O

C	

O

O

_	_	

O	

C
O

�
_	

_	_	

A B C 



	 15 

We suggest that the data in the 20 ps period can be explained by the detachment of the 
products of oxalate photolysis (i.e., CO2 and CO2

•–) from the coordination shell of iron(II). 
Prior data do not directly address this. Chen et al. observed dynamics around 2 ps similar to 
our initial electron transfer and additional dynamics out to 110 ps that could be a signal 
associated with of CO2 and CO2

•– dissociation. Pozdnyakov et al. reported flash photolysis 
measurements with a timescale greater than 10 ns, a timescale that encompasses diffusion 
limited processes such as further reductions of iron by solvated radicals.  
 
2.6   CONCLUSION 
 
The development of ultra-fast laser-based spectroscopies in the mid-IR range in the last 
decade has opened the way for studies of organic compound photolysis in aqueous solution. 
We show that this approach is a powerful probe of environmentally relevant photolysis 
reactions. The technique is sensitive to electron transfer, reduction of a metal-organic 
complex as well as the subsequent photolysis of the organic ligand, and likely sensitive to the 
production of radical intermediates. The results provide resolved the ferrioxalate reaction 
mechanism. Since many organic acids undergo complexation and photolysis reactions with 
iron, this approach may clarify the chemical constraints on the diverse quantum yields.  
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2.8   SUPPORTING MATERIAL 
 
 

 

 
Supplementary Figure 1. Infrared absorption spectra of H2O (top in blue) and D2O 
(bottom in red). Grey bars represent spectral regions where the absorption is greater than 
unity and indicating where the solvent is unsuitable for most infrared absorption 
spectroscopy.  

H2O	

D2O	
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Supplementary Figure 2. Ground state absorption spectra of ~10 mM ferric oxalate (blue) 
and ferrous oxalate (red) acquired with a 10 micron path length. 
 
 
 

 
Supplementary Figure 3. Color plot for all of the transient absorption data. 
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Chapter 3:  Pathways for the photoreduction 
of fumarate on ZnS  
 
 
3.1   ABSTRACT 
 
 
Semiconductor mineral particles can act as photocatalysts for two-electron redox processes 
involving organic molecules that participate in biological metabolic pathways. Thus, 
semiconductor photocatalysis may have contributed to the prebiotic synthesis of organic 
acids on the early Earth but assessing the plausibility of this hypothesis is impeded by lack of 
knowledge about the mechanisms for light-driven organic redox reactions on mineral 
surfaces. We chose the photoreduction of fumarate by zinc sulfide (ZnS), one step in the 
reverse tricarboxylic acid (rTCA) cycle, and studied the adsorption of fumarate and the rates 
and pathways for charge transfer. Using static and time-resolved optical emission and 
absorption spectroscopy we find that ZnS transfers photoexcited electrons to bound and 
dissolved fumarate on a wide range of timescales. This work supports the concept that ZnS 
mediated photoreduction of fumarate could have operated on the early Earth. Optical 
transient absorption (TA) spectroscopy identified a signature tentatively attributed to the 
fumarate radical anion that is stable for at least 8 nanoseconds. This finding provides 
evidence that fumarate photoreduction under solar illumination levels occurs by successive 
photoelectron transfer. The description of electronic excitation, relaxation and interfacial 
charge transfer processes in ZnS will inform future studies of interfacial redox reactions of 
this mineral. 
 
 
3.2   INTRODUCTION  
 
 
One scenario for the origin of life suggests that abiotic reactions first generated the organic 
molecules that participate in core metabolic pathways observed in modern organisms 
(Wachtershauser 1988). Much attention has been given to the forward tricarboxylic acid 
(TCA) cycle, which couples the respiration of organic molecules to the production of 
chemical energy in the form of adenosine triphosphate (ATP) (Krebs and Johnson 1980). 
Certain bacteria employ a reverse TCA cycle, which consumes energy and builds longer-
chain organic acids through the addition of CO2. Thus, an abiotic rTCA cycle could be a 
mechanism for prebiotic synthesis of organic precursors of complex biomolecules 
(Buchanan and Arnon 1990, Campbell and Cary 2004, Hugler, Wirsen et al. 2005). 

Martin and coworkers have shown that the semiconductor mineral zinc sulfide (ZnS) can 
act as a photocatalyst and promote many steps in the rTCA cycle (Zhang and Martin 2006, 
Guzman and Martin 2009, Guzman and Martin 2010). Observed reactions include 7 steps of 
the rTCA cycle, including exergonic steps requiring both light-driven oxidation and 
reduction such as the conversion of pyruvate to a-ketoglutarate (Guzman and Martin 2009). 
Parallel research in the field of solar energy conversion has shown that ZnS and other metal 
chalcogenide semiconductors can perform a large number of photochemical reactions 
including the reduction of CO2 and water (White, Baruch et al. 2015).  
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It is probable that metal sulfides were abundant in the early Archean due to volcanic 
activity and very low levels of atmospheric oxygen (Pons, Quitte et al. 2011). Zn and reduced 
sulfur were likely products of hydrothermal vents, as observed in modern oceans, and 
transport and precipitation could bring ZnS particles to surface regions exposed to solar 
radiation (Hsu-Kim, Mullaugh et al. 2008, Martin, Baross et al. 2008, Yucel, Gartman et al. 
2011). Thus, sulfide mineral photochemistry is a plausible pathway for prebiotic reactions of 
organic molecules. However, there are outstanding questions whether ZnS-promoted rTCA 
reactions would occur under conditions of the early Earth. In particular, it is not known 
whether the yields of reaction steps are determined by solution chemistry such as pH, or 
whether the ZnS surface plays a required catalytic role. Mechanistic studies provide the 
clearest determination of the factors enabling a reaction to proceed. Time-resolved 
spectroscopic methods have increasing ability to follow reaction mechanism in many fields 
of the chemical sciences (Katz, Zhang et al. 2012, Gilbert, Katz et al. 2013, Marafatto, 
Strader et al. 2015) and here we report their application to a postulated prebiotic reaction.  

We selected a single step in the rTCA cycle, the photoreduction of fumarate to succinate 
(Scheme 1), that proceeds readily in the presence of ZnS without side products. We applied 
ultrafast optical absorption and fluorescence spectroscopy to characterize the excited 
electronic states of ZnS that participate in the reduction reaction and their lifetimes with and 
without fumarate. This work provides a detailed view of the electronic states in ZnS that we 
find do participate in rapid light-promoted interfacial electron transfer and elucidates the 
pathways and timescales for the first electron transfer reaction that drives the reduction of 
fumarate.  

 
Scheme 1 The reduction of fumarate to succinate. 

We further performed ultrafast mid-infrared (mid-IR) spectroscopy with the goal of 
observing the organic intermediate(s) that were generated by reduction. Vibrational 
spectroscopy has the potential to discriminate molecular reagents, products and 
intermediates (Rini, Magnes et al. 2003). As shown in Figure S7, fumarate and succinate are 
distinguishable using infrared (IR) spectroscopy. However, we were unable to identify signals 
in the mid-IR TA data that could be interpreted as changes to molecular vibrational spectra. 
Instead, the mid-IR TA data were dominated by excited state absorption owing to 
photogenerated electrons in the conduction band (CB) of ZnS, but did offer an additional 
indicator of charge transfer processes as these signals became shorter-lived upon 
introduction and binding of fumarate.  
 
3.3   MATERIALS AND METHODS 

3.3.1  ZnS nanoparticle synthesis and characterization 
ZnS synthesis. We used a published method shown to synthesize ZnS nanoparticles that were 
not small enough for quantum confinement effects (Zhang, Gilbert et al. 2003). All synthesis 
steps performed in anaerobic glovebox apart from centrifugation. Add 80 mL of 200 mM 
Na2S.9H2O dropwise to 70 mL 200 mM ZnCl2 while stirring. Heat the resultant milky white 
suspension for about 1.5 days at 30C. Centrifuge the suspension and replace the supernatant 
solution with 1 mM Na2S solution. Repeat rinse three times and store anaerobically in sealed 

__	
	 __	

	

__	
	 __	
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opaque containers. The Na2S served as a scavenger of both valence-band holes and 
adventitious O2 (Guzman and Martin 2009).  The above synthesis yields a particle 
concentration of about 7.5 g/L.  
ZnS characterization. We performed X-ray diffraction (XRD) to confirm the purity of the 
product and to estimate the nanoparticle size. We used the full-profile refinement software 
MAUD (Lutterotti 2010) to fit the cell parameter for sphalerite (cubic ZnS) finding the mean 
particle size to be 6.4 ± 4 nm. Separate Scherrer analysis of the broadening of the 111, 220 
and 311 peaks gave an estimated particle size to be 6.8 ± 7 nm. Low-resolution transmission 
electron microscopy also indicated the sample to contain aggregates of sub-10-µm primary 
particles. The surface area of ZnS nanoparticles was measured using the BET method to 
obtain an adsorption isotherm of nitrogen.  
Fumarate adsorption to ZnS. We quantified the affinity of fumarate to ZnS under the same 
conditions as the photoreduction experiments. We added varying quantities of 10-mM 
fumarate, and 2-M HCl or 4-M NaOH to 1-mL aliquots of ZnS, equilibrated overnight and 
recorded the pH with a microprobe. The suspensions were then centrifuged at 13 krpm for 
20 minutes to remove ZnS. Centrifugation removed the vast majority of ZnS but 
background absorption by residual dispersion of individual nanoparticles interfered with the 
quantitation of fumarate. This residual was dissolved by the addition of 0.1 mL of 
concentrated HCl. The concentration of fumarate was then quantified by UV-vis absorption 
at 220 nm using a previously determined calibration curve.  
 
3.3.2  Liquid chromatography mass spectrometry (LCMS) 
We used LCMS to follow the ZnS catalyzed transformation of fumarate to succinate by 
ultraviolet light in pH 5 solutions using a Xenon arc lamp (Oriel). Suspensions of ZnS and 
fumarate exposed to light were centrifuged at 13000 rcf for 10 minutes to remove ZnS. The 
supernatant solution was removed, lyophilized, and reconstituted in 95% acetonitrile and 5% 
water, passed through a Waters HILIC chromatography column and solute masses measured 
in negative mode on an Agilent 6520 QTOF. 
 
3.3.3  Fluorescence spectroscopy measurements 
Illumination of a semiconductor such as ZnS with light of higher energy than the band gap 
generates electron and hole pairs that can recombine with the emission of a photon. We 
performed time-integrated fluorescence emission spectroscopy to investigate quenching of 
ZnS fluorescence by fumarate and time-resolved fluorescence studies to quantify the 
lifetimes of redox active excited states.  
Fluorescence quenching measurements. The fluorescence signal from a semiconductor will be 
reduced (quenched) if electrons or holes are transferred to an acceptor species before 
recombination and photon emission (Chen, Li et al. 2010). Thus, the observation of 
fluorescence quenching is a good indicator of interfacial redox processes, although non-
redox active species can reduce the fluorescence intensity by other mechanisms. We used a 
Fluorolog II spectrometer (Horiba, Japan) to measure fluorescence emission spectra from 
suspensions of ZnS in pH 5 or pH 10 aqueous solutions at a mineral concentration of 2 g/L 
with added fumarate or succinate in a 10-mm pathlength quartz cuvette. We used a 310-nm 
excitation wavelength and a 350–700 nm emission scan range. An additional fluorescence 
quenching experiment was performed with methanol in place of water.  
Fluorescence lifetime measurements. We used a streak camera to capture the time-dependent 
fluorescence spectra from 0–120 ps following photoexcitation of ZnS with pulsed 310-nm 
excitation and a 300–750-nm excitation wavelength range. Fluorescence lifetime plots were 
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obtained by integrating the emitted intensity from 400–600 nm, excluding sharp peaks 
centered at time zero caused by scatter from the excitation beam. By fitting Gaussian profiles 
to these peaks we determined the instrument response to be 4.9 ps. 
 
3.3.4  Optical transient absorption spectroscopy 
Optical transient absorption (TA) spectroscopy reveals how the UV-vis spectrum of a 
material or species changes during a light driven process. TA studies have been used to 
follow the excited states of semiconductor particles and organic molecules.  
Data acquisition. We performed TA spectroscopy with a 310-nm pump and UV-visible (UV-
vis) at the Argonne Center for Nanoscale Materials (CNM) using an amplified femtosecond 
Ti:sapphire laser system at 2 kHz repetition rate. A small amount of the laser output is used 
to generate the white light continuum probe. The remaining 800-nm power pumps an 
optical parametric amplifier (OPA) to produce the excitation pulses. The two outputs then 
enter a transient absorption spectrometer (Helios, Ultrafast Systems), where the probe is 
variably delayed relative to the pump via a mechanical delay line. A UV-vis spectrograph is 
used to collect the spectral content of the probe from 440 to 760 nm as a function of delay 
(limited to a maximum delay of 7.8 ns). The overall time resolution was 100 fs as inferred 
from the cross-phase modulation during temporal overlap of the pump and probe pulses. 
The OPA generated a small amount of unwanted frequency-doubled light that contributed 
an artifact at 400 nm.  

Typical samples consisted of 50-mL aqueous suspensions containing 250 mg/L ZnS, 2.5 
mM fumarate or succinate, and 0.5 mM sodium sulfide. Samples were circulated through a 2-
mm pathlength quartz flow-cell cuvette and irradiated with 310-nm light at powers of 50–
300 µW. The reported data was acquired with 200 µW illumination and the spot size was 
measured to be 250 µm. 
Data processing. The optical TA data were processed and analyzed using custom routines in 
IgorPro software. First, the data were dechirped to correct for wavelength dependent 
differences in the speed of light propagation through the sample. Second, a baseline 
spectrum (an average of the 5 transient spectra prior to photoexcitation) was subtracted 
from all spectra. This correction successfully removed the unwanted feature centered at 400 
nm.  
Multi-wavelength kinetics analysis. We extracted transient kinetics traces at 16 wavelengths 
between 350–700 nm and used a linear least-squares fitting method to simultaneously fit all 
the traces as a sum of a predetermined number of exponentially decaying transient spectra. 
This analysis finds the decay time constants, ti, and the spectrum amplitudes at each 
wavelength, ai(l), that reproduce the time-dependent TA signal:   
 

𝑇𝐴 𝜆, 𝑡 = 𝑎! 𝜆 𝑒𝑥𝑝 −𝑡 𝜏!!    (1) 
 

The analysis of all samples contained a negative transient contribution with sub-picosecond 
time constant. This contribution was assumed to be an effect of stimulated emission (in 
which the probe pulse stimulates fluorescence emission from an excited state). Because this 
process is not relevant to the photochemical processes studied here it was fitted but is not 
reported or discussed further below.  
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TABLE 1: Optical properties of ZnS at 310 nm used for the calculation of photoexcitation 
efficiency.  
 

Constant Symbol Value Units Ref 

Refractive index of water nsolv 1.349 - a 

Refractive index of ZnS nZnS 2.8 - b 

Real component of n e’ 7.6 - b 

Imaginary component’ of n e” 2.4 - b 

Absorption cross section of ZnS  aZnS 1.4 x 105 cm-1 b 

References: a (Hale and Querry 1973),  b (Adachi 1999). 
 
ZnS nanoparticle photoexcitation calculations. The laser pulses used in the TA studies can deliver a 
higher photon flux density than solar radiation at the Earth surface. Therefore, we calculated 
the mean number of photoexcitation events per ZnS nanparticle per pulse, <N>, to ensure 
that we remained in the single excitation regime (Leatherdale, Woo et al. 2002). The 
absorption of light by a nanoparticle is determined both by the optical properties of the 
intrinsic material and the extent of light scattering from the object. Thus, the absorption 
cross section for a semiconductor nanoparticle, s, is given by 
 

𝜎 = !!"#
!!!!

𝑉𝛼!"# 𝑓 !    (2) 

 
where n refers to the index of refraction, V is the particle volume, and aZnS is the bulk 
absorption cross section. The shape function is given by:  
 

𝑓 ! =
!!!!!

!

!!!!!!!!
! !

! !!! !
   (3) 

 
where e’ and e’’ are the real and imaginary parts of the dielectric constant. Using literature 
values for the optical properties for cubic ZnS at 310 nm given in Table 1, we calculate the 
absorption cross-section for a 6-nm particle to be 8.7 x 1016 cm2. For a photon flux density, j, 
<N> = js. For our experimental conditions, absorption by ZnS appreciably reduced the 
photon intensity as the laser pulse traversed the 2-mm cuvette. Thus, we numerically 
calculated <N> as a function of distance as reported in Figure S1. The calculations show 
that <N> ~ 1 for the highest laser power used in this study.  

3.3.5  Mid-infrared transient absorption spectroscopy 
We use the same amplified femtosecond Ti:sapphire laser system described above with a 
HgCdTe mid-infrared array detector to acquire transient mid-IR data as a function of pump-
probe delay. Because of the very high absorption of mid-IR by water, these experiments 
were performed using methanol or isopropanol as the solvent.  
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3.4   RESULTS 

3.4.1  Fumarate adsorption 
The adsorption of fumarate to ZnS is strongly dependent upon solution pH. We first 
acquired an absorption isotherm of fumarate on ZnS nanoparticles at pH 5 (Figure S1), 
which was adequately fitted by a Langmuir model for sorption (Stumm and Morgan 2012). 
We then characterized the pH dependence of fumarate sorption by measuring the surface 
coverage as a function of pH in solutions containing the quantity of fumarate required for 
50% surface saturation. As shown in Figure 1, the sorption extent ranged from completely 
unbound at pH 10 and fully adsorbed at pH 5.  
 

 
 

Figure 1. The pH dependence of the sorption of fumarate to ZnS. Below 
pH 5, all added fumarate was surface bound.  

 
Very little data exists on the sorption of organic acids to sulfides, although the uptake or 

dicarboxylic acids to oxide surfaces has been extensively studied (Yao and Yeh 1996, Yao 
and Yeh 1996, Duckworth and Martin 2001, Rosenqvist, Axe et al. 2003, Hays, Ryan et al. 
2004, Hwang and Lenhart 2008). The adsorption envelope (Figure 1) suggests that fumaric 
acid speciation (pKa,1 = 3.03; pKa,2= 4.54) (O'Neil, Heckelman et al. 2013) controls its uptake 
on ZnS surfaces, which are expected to be negatively charged above pH 2.5 (Wang, Zhang et 
al. 2011).  
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Figure 2. The rate of conversion of fumarate (red markers) to succinate 
(blue markers) measured by liquid chromatography–mass spectrometry (LC-
MS). Solid lines are fits of a kinetic model assuming sequential electron 
transfer, as described in the text. Asymmetry of the loss of fumarate as 
compared to the production of succinate implies an unknown chemical 
intermediate (green line).  

 
3.4.2  LC-MS 
Liquid chromatography coupled to time-of-flight mass spectrometry (LC-MS) showed 
succinate to be the sole product of the photoreduction of fumarate with ZnS. Data acquired 
over a two-hour illumination period (Figure 2) suggested that fumarate consumed faster 
than succinate was produced. This asymmetry implies that the reaction proceeds through a 
long-lived intermediate, although we found no evidence of an intermediate molecule in any 
of our LC-MS data. Figure 2 also shows the best-fit results to the data of a sequential 
electron transfer model described by the scheme:  
 

𝐴⇌ 𝐵⇌ 𝐶                                    (4) 
 
Where A is the initial reactant, B is an intermediate product, and C is the final product. This 
data was equally well fit by a disproportionation model given by the scheme: 
 

𝐴⇌ 𝐵                                      (5) 
𝐵 + 𝐵⇌ 𝐶                                   (6) 

 
Both of these reaction models support the possibility of a intermediate state. Notably, 
models not containing an intermediate poorly fit LCMS data.  
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Figure 3. Fluorescence emission spectra (solid lines) acquire with 310-nm 
excitation wavelength, showing quenching of ZnS nanoparticle fluorescence 
by added fumarate (0.01 mM to 10.0 mM). Dotted line is the fluorescence in 
the presence of 2.0 mM succinate, which was identical to the ZnS control. 
Inset: Plot of integrated ZnS fluorescence counts versus fumarate adsorption 
showing a linear drop in fluorescence with surface coverage. The adsorption 
isotherm used to generate this plot is given in Figure S3.  

 
3.4.3  Fluorescence quenching 
We acquired fluorescent emission spectra of ZnS nanoparticles with continuous 310-nm 
excitation in pH 5 solutions with fumarate at a range of concentrations (0.08 to 10.0 mM), 
with succinate (2.0 mM) or with no organic acid. As shown in Figure 3, succinate caused 
little change to the fluorescence signal, indicating that photoexcited ZnS does not transfer an 
electron (or a hole) to this molecule. In contrast, fumarate caused a concentration dependent 
drop in the signal, a quenching response that is consistent with a photoreduction process. 
We used the absorption isotherm for fumarate binding to ZnS at pH 5 (Figure S2) to 
calculate the fumarate surface coverage for all the fumarate concentrations used in the 
fluorescence quenching study. As shown in the inset, this calculation revealed that the 
fluorescence quenching of ZnS is linearly proportional to the coverage of fumarate on the 
surface. This is strong evidence that photoexcited electrons are transferred to bound species 
and not to freely diffusing molecules (Becker and Bard 1983).  

Successive fluorescence emission scans on the same sample showed a rebound of 
intensity that returned asymptotically to the unquenched signal with exposure time (Figure 
S3A). For 2.0 mM fumarate, complete restoration of fluorescence was observed after 20 
min. The recovery of the fluorescence signal indicates that ZnS photoexcitation irreversibly 
transfers electrons to surface bound fumarate, generating a reduced product that cannot 
further quench the fluorescence.  

In high pH solutions in which fumarate does not bind, we nevertheless observed partial 
fluorescence quenching (Figure S4A). This indicates that electron transfer can occur 
between ZnS nanoparticles and freely diffusing unbound fumarate molecules. We also 
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compared the fluorescence of ZnS in methanol with and without fumarate, finding complete 
quenching in this solvent (Figure S4B).  
 

 
Figure 4. Fluorescence lifetime measurements for the same concentration of 
ZnS nanoparticles with and without fumarate. The data (black markers) were 
fitted (blue lines) by a single exponential plus a constant offset that was 
convolved with 4.3-ps Gaussian to account for the instrument response.  

 
3.4.4  Fluorescence lifetime 
Figure 4 compares fluorescence lifetime studies of ZnS with and without fumarate. For ZnS 
nanoparticles alone in water, fluorescence emission arose promptly within the temporal 
resolution of the experiment (~4.3 ps) and the intensity decayed with a single exponential 
time constant over ~100 ps, as observed previously (Smith, Zhang et al. 2000). The residual 
fluorescence observed at the end of the measurement window is consistent with a 
nanosecond timescale for recombination observed in optical TA studies (below) and 
typically reported for ZnS (Dunstan, Hagfeldt et al. 1990, Yanagida, Yoshiya et al. 1990). 

The emission from the sample containing a fixed concentration of ZnS but with added 
fumarate showed approximately half the initial intensity, decayed more rapidly, and  decayed 
to a smaller amplitude by 120 ps. The faster decay rate in the presence of fumarate is 
consistent with the introduction of an additional mechanism that competes with the 
fluorescent pathway for photoexcited electrons or holes. We assume the additional process 
to be interfacial electron transfer to fumarate and use the comparison of the decay rates with 
and without fumarate to estimate the rate of transfer (Parsapour, Kelley et al. 1996). The 
time constant, ttotal, observed in the presence of two pathways is given by 

 
1 𝜏!!"#$ = 1 𝜏! + 1 ⁄ 𝜏!"   (7) 
 

where tF is rate of the fluorescent decay of ZnS and tET is the rate of electron transfer. We 
fitted the fluorescence decay kinetics for ZnS with and without fumarate using a single 
exponential decay plus a constant offset that accounted for the long-lived signal. Using 
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equation 7 and the best-fit values given in Table 2, we obtain a time constant for electron 
transfer to fumarate of 13 ps.  
 
TABLE 2: Best-fit fluorescence lifetimes.  
 

Sample τ (ps) a I0  (counts) b I120  (counts) b 

ZnS 29.0 ± 0.4 266 126 

ZnS + Fumarate 18.5 ± 0.1 174 32 

 
Footnotes: a The errors are the standard deviations on the best-fit values.       
b The peak and residual fluorescence intensities at 0 and 120 ps were 
obtained from fitting and have an uncertainty of 1 – 2 counts. 

 
 
3.4.5  Optical transient absorption (TA) spectroscopy 
Representative kinetics traces at 475 nm from the TA data are given in Figure S5. The data 
from ZnS only and ZnS plus fumarate at pH 10 were very similar to each other, and were 
different from the data for ZnS plus fumarate at pH 5. The data quality for ZnS alone at pH 
5 was significantly worse than all samples in the presence of fumarate and it was visually 
evident that this was due to greater nanoparticle aggregation. Thus, we present below a 
comparison of ZnS plus fumarate at pH 5 (sorbed and aqueous) and pH 10 (aqueous).  
 
3.4.5.1   ZnS plus fumarate TA at pH 10 
Figure 5A shows the TA spectra for ZnS with unbound fumarate at pH 10 at 0.5 ps, 10 ps 
and 1 ns after photoexcitation and overlays these spectra with the ZnS ground-state UV-vis 
absorption spectrum. The TA spectra contain two principal contributions shortly after 
excitation.  

(1) A negative component below ~360 nm. The negative lineshape at low wavelength mirrors 
the ground state absorption and thus represents a loss (bleaching) of this absorption. It 
occurs because a valence band (VB) electron excited to the CB strongly suppresses the 
probability for a second photoexcitation event. The ground-state bleach can be interpreted 
as a direct measurement of electrons at the bottom of the CB.  

(2) A positive component above ~360 nm. The positive response at higher wavelength is a 
new absorption band that extends into the infrared region. Broad, long-lived excited state 
absorption features are frequently observed in optical TA data for semiconductors. They are 
attributable to excited state electrons situated either at the bottom of the CB or in localized 
trap states that can undergo further optical excitations.  
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Figure 5. Optical transient absorption (TA) spectra from ZnS plus fumarate 
at pH 10 (A; fumarate unbound) and pH 5 (B; fumarate bound). The TA 
spectra are generated by subtracting the ground state UV-vis spectrum of the 
sample from the spectrum acquired at the indicated times after excitation at 
310 nm. The ground state absorbance spectra are plotted against the right 
axis in units of optical density (OD) and the difference spectra against the 
left axis in units of milli OD (mOD). Arrows indicate the evolution of the 
TA spectra with time.  

 
Figure 5A clearly shows that both the bleach and the new absorption band decayed with 

time after photoexcitation. However, Figure 6 shows that the rates of decay are not 
identical, indicating that electron-hole recombination is not the dominant process. 
Approximately 80% of the bleach is lost at 8 ns, while more than 50% of the excited state 
absorption signal persists beyond this time. The reappearance of bandgap excitations before 
the system has returned to the ground state indicates that electrons at the bottom of the CB 
have transferred to other states that do not suppress additional photoexcitation. As 
discussed below, these states are likely to be mid-band-gap trap states.  

To further examine the electron processes in ZnS with unbound fumarate, we extracted 
kinetics curves at 15 wavelengths (from 350 nm to 750 nm) and used a non-linear least 
squares global fitting approach to identify spectra that evolved with distinct exponential 
decay constants. The fits are given in Figure S6 and the transient spectra in Figure 7. In the 
sub-nanosecond period, the bleach and excited-state components diminished together with 
two characteristic time constants (9 ps and 250 ps). At longer times, the TA spectra are 
dominated by a narrower, higher-energy and excitation feature that is consistent with a 
localized state with an energy beneath the bottom of the CB. Thus, we identify 9-ps and 250-
ps timescales for electron trapping. The lifetime of the trapped-electron state exceeded the 
experimental time window and was estimated to be more than 20 ns.  

 



	 31 

 
 

Figure 6. Transient absorption kinetics traces from ZnS nanoparticles 
(without fumarate) at 340 nm (dominated by the ground-state bleach) and at 
600 nm (dominated by new excited-state absorption (ESA) intensity). A copy 
of the 340-nm bleach trace (dashed line) has been multiplied by -1 and 
rescaled to show that the loss of the bleach occurs faster than the loss of the 
ESA. The data were shifted on the time axis to place the laser pump time 
point at 1 ps to enable the data to be plotted on a logarithmic time axis. 

 
3.4.5.2   ZnS plus fumarate TA at pH 5 
Figure 5B shows the TA spectra of ZnS with bound fumarate at pH 5. The data show the 
strong bleach signal below ~350 nm that was seen in all ZnS samples. However, there is 
much less excited-state absorption intensity in the long-wavelength range due to electrons in 
trap states. In addition, a new absorption feature around 400–490 nm appeared within a few 
ps and persisted until the longest time. Characteristic TA lineshapes were extracted using the 
multi-wavelength kinetics analysis of the data and are presented in Figure 7. These data 
suggest that far fewer electrons reach trap states in ZnS and instead cause the formation of a 
new species within a few picoseconds after photoexcitation.  
 
3.4.6  Mid-infrared transient absorption spectroscopy 
The mid-IR TA data for all samples containing suspensions of ZnS nanoparticles were 
dominated by a strong and broad excited-state absorption signal that extended through the 
entire wavelength range investigated during these studies (4–7 µm; 2500-1430 cm-1) (Figures 
8A and 8B). Blank samples gave no TA response. The apparent noise in the TA spectra is 
caused by differences in responses of the IR detector channels across the wavelength 
window; kinetics curves at a single wavelength showed clean transients (Figures 8C). We 
fitted a single stretched exponential decay to TA kinetics data at 5.8 µm (1724 cm-1; on the 
fumarate ?? resonance) and at 5.5 µm (1818 cm-1; off resonance) (Table 3).  
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Figure 7. The transient optical absorption spectra obtained from multi-
wavelength fitting of the optical TA data for ZnS plus fumarate at (A) pH 10 
(top; fumarate unbound) and (B) pH 5 (bottom; fumarate bound). As 
described in the text, the transient spectra that decay on sub-ns timescales 
(blue markers) have contributions from conduction band electrons (CB e–) 
and groundstate bleach (Bch). The longer-lived transient spectra (red 
markers) have contributions from trapped electrons and, when fumarate is 
bound, a signal tentatively attributed to the fumarate radical anion (F•–). The 
kinetics curves from which these spectra were extracted are reported in 
Figure S5.  

 
 

The mid-IR dynamics for ZnS show a very fast (0.77-ps time constant) initial decay that 
is interpreted as optical absorption by “hot” electrons during relaxation to the bottom of the 
CB. The residual signal after the first 2 ps decays more slowly but is lost within ~300 ps. 
This is the same timescale over which the signal from trapped electrons becomes evident in 
the optical TA data. (Figure 6), and thus we infer the mid-IR data record the same trapping 
process. 

 
TABLE 3: Best-fit mid-IR transient decay kinetics. Reported are the time constants for a 
single stretched exponential decay with b = 0.9 and with the fit convolved with a 0.12-ps 
Gaussian response function.  
 

Sample τ (ps) at 1724 cm-1 a τ (ps) at 1818 cm-1 b 

ZnS 0.77 ± 0.1 0.77 ± 0.1 

ZnS + Fumarate 0.58 ± 0.1 0.55 ± 0.2 
 
 
Footnotes: a On the fumarate XX resonance. b Off resonance. 
 

The mid-IR TA kinetics data for ZnS with fumarate did not reveal any new detectable 
signal that could be interpreted as new or shifted molecular vibration bands. We conclude 
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that our experimental system was not sufficiently sensitive to detect changes in molecular 
vibrations of surface molecules and that the mid-IR data only provided information on the 
earliest, highly excited photoelectrons. However, fits to the TA data revealed an even faster 
decay time constant (0.55 vs 0.77 ps) was observed in the presence of fumarate with no 
dependence on wavelength (Table 3). Moreover, in the presence of fumarate the signal is 
lost within  ~20 ps. The mid-IR data thus strongly indicate that photoexcitated electrons can 
transfer to and reduce fumarate before relaxation to the bottom of the CB.  
 

 
 

Figure 8 Mid-infrared (mid-IR) transient absorption spectra acquired from 
the same concentration of ZnS nanoparticles without (A) or with (B) 
fumarate in methanol suspensions at selected timepoints before or after 
photoexcitation. C. Kinetics traces at 5.8 µm (1724 cm-1) from ZnS 
nanoparticles (red dashed line) and ZnS plus fumarate (blue).  

 
3.5   DISCUSSION 
 
Our reported spectroscopic studies establish a picture for the electronic excited states in ZnS 
that can participate in electron-transfer reactions. The 310-nm excitation excites VB 
electrons into the CB, creating a strong mid-IR signal that is rapidly lost as the electron 
relaxes to the bottom of the CB. Electrons at the bottom of the CB subsequently transfer to 
a trap state on at least one sub-ns timescale, a process that removes bleaching of subsequent 
groundstate excitations. Recombination from this trap state occurs through fluorescence 
emission with a lifetime estimated to be 20 ns. As summarized below, our data strongly 
indicate that excited electrons in ZnS can be transferred to fumarate from all the states 
described above. 

When fumarate is bound to ZnS the fluorescence emission was lower within the first 
~10 ps following photoexcitation compared to ZnS with unbound fumarate and the mid-IR 
kinetics showed faster decay rate. This indicates that excited electrons can transfer to bound 
fumarate even before fully relaxing to the bottom of the CB. Additionally, the fluorescence 
lifetime and optical TA data showed that bound fumarate caused faster electron loss from 
the CB within 100-ps timescale, indicating that fumarate reduction competes with electron 
trapping in ZnS on this timescale. Finally, we observed a detectable loss of time-averaged 
fluorescence intensity in the fluorescence quenching experiments with and without fumarate 
at pH 10. Because fumarate does not bind to ZnS at pH 10, we infer that diffusion driven 
encounters between fumarate and ZnS can enable electron transfer from the longest-lived 
states in the mineral. Figure 9 shows a scheme that summarizes the electron excitation, 
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relaxation, and interfacial transfer processes for bare ZnS and for the first electron reduction 
of fumarate.  
 

 
 

Figure 9. Tentative energy-level diagram showing the electron excitation, 
relaxation and interfacial transfer processes for the first electron reduction of 
fumarate by photoexcited ZnS. Solid red arrows represent pathways for the 
ultrafast reduction of adsorbed fumarate that occur within XX ps of 
photoexitation. Dashed red arrow represents a pathway for fumarate 
reduction from a trap state with a lifetime much greater than 1 ns that can 
reduce dissolved fumarate.  

 
Our transient mid-IR studies sought to obtain independent spectroscopic evidence for a 

reduced fumarate species because vibrational spectroscopy is well suited to following organic 
chemical reactions. Regrettably, we were not sufficiently sensitive to mid-IR vibrational 
resonances associated with the molecular reactions at least partly because semiconductor 
photoexcitation generated an overwhelming signal due to electronic excitations. We 
observed one new absorption feature in the optical TA data from ZnS plus bound fumarate 
that we tentatively interpret to be the product of the one-electron reduction of bound 
fumarate. The apparent peak position of 410 nm is considerably red-shifted relative to the 
UV-vis absorption spectrum of the fumarate radical anion generated in water by pulse 
radiolysis. However, our optical TA data below 400 nm are increasingly dominated by the 
bandgap absorption of ZnS which would completely obscure lower wavelength absorption. 
This interpretation is consistent with the model for electron transfer described above based 
only on electron dynamics in the ZnS.  
 
 3.6   CONCLUSIONS 

 
Our studies on electron transfer from ZnS to fumarate help establish the environmental 
conditions and photochemical pathways for which mineral photochemistry could have 
contributed to prebiotic reactions. The results show that electron transfer from ZnS to 
fumarate occurs readily when fumarate is surface adsorbed. If this were the only pathway for 
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electron transfer it would limit the potential environments for ZnS mediated fumarate 
reduction because fumarate only shows significant sorption below pH 4. It is currently 
thought that Archean oceans would have been close to neutral pH due buffering by basalt 
(Sleep 2010). Hydrothermal vents could have provided low-pH, metal-rich fluids enabling 
ZnS photochemical processes provided these were close to the photic zone. 
We also showed, however, that a fraction of photoexcited electrons in ZnS are trapped in 
redox active states with lifetimes exceeding 3 ns and that these electrons are capable of 
reducing non-adsorbed fumarate. This finding significantly broadens the environments in 
which ZnS photochemistry could have been important in the early Earth. Although it is not 
currently possible to identify the nature of the ZnS states that trap electrons, these could 
have played a vital role in storing energy from light long enough to allow organic redox 
reactions to occur. Thus, it is plausible that defects in sulfide minerals may have played a 
critical role in the development of conditions conducive for early life.  
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3.8   SUPPORTING MATERIAL 
 

 
 
Figure S1. Calculated mean number of photoexcitation events through a 2-mm cuvette for a 
single laser pulse. The calculation assumes a nanoparticle radius of 6 nm, a ZnS 
concentration of 5 mM, a pulse wavelength of 310 nm, pulse energy of 0.1 µJ and a circular 
beam focus of diameter 250 µm.  
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Figure S2. Fumarate sorption on ZnS Nanoparticles. Red circles represent data acquired by 
centrifugation of the nanoparticles followed by measuring UV-vis spectra of the residual 
fumarate.  
 
Black dotted line represents a Langmiur isotherm fit to the data of the form: 
 

𝜃 =  
[𝐴!"#]
[𝐴!"#]

=
𝐾!"[𝐴!"#]

1+ 𝐾!"[𝐴!"#]
 

 
where 𝜃 is the percent coverage, 𝐴!"#  is the concentration of adsorbed species, [𝐴!"#] is 
the concentration to form a saturated monolayer, 𝐴!"#  is the initial concentration of 
adsorbate, and 𝐾!" is the equilibrium constant for adsorbtion. Both [𝐴!"#] and 𝐾!" were 
parameters fit by the model and had values of 0.81 mM and 11.9 mM-1. 
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Figure S3. The recovery of fluorescence following quenching by fumarate as a function of 
exposure time. We acquired repeated fluorescence emission spectra and quantified the 
integrated emission between 400 – 500 nm. The emission is plotted as a fraction of the 
intensity measured from unquenched ZnS in fumarate free solution.  
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Figure S4. A Fluorescence quenching at high pH. Partial quenching (~30%) is observed 
under conditions where fumarate cannot adsorb (pH 11.9) relative to conditions of complete 
uptake (pH 3.5).  B. Fluorescence of ZnS nanoparticles in methanol (blue) and water (red) in 
the presence or absence of 2 mM fumarate (dashed lines).  
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Figure S5. Comparison of the optical transient absorption (TA) kinetics at 475 nm for ZnS 
only at pH 5 and ZnS plus fumarate at pH 5 and pH 10. At high pH, fumarate does not 
adsorb to ZnS and the TA data closely match those obtained in the absence of fumarate.  
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Figure S6. Plots showing the results of fitting multi-wavelength decay constants to kinetics 
data from 16 wavelengths. A. ZnS plus fumarate at pH 10 (fumarate is unbound). B. ZnS 
plus fumarate at pH 5 (fumarate is bound). The spectral lineshapes associated with each 
exponential decay constant are displayed in Figure 7 in the main text.  
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Figure S7 Fourier transform infrared (FTIR) spectra for fumarate and succinate adsorbed to 
ZnS in isopropanol and measured in attenuated total-internal reflection (ATR) mode. Also 
shown is an FTIR spectrum of water acquired in a CaF2 windowed cell in transmission.  
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Chapter 4:  Teaching concepts of catalysis 
and redox chemistry using conductive 
minerals 
 
 
 
4.1   ABSTRACT 
 
We describe a series of experiments that students can use to understand minerals as electrical 
conductors, their capacity to split water, and the chemical transformations that can occur at 
their surfaces. We provide detailed descriptions of experimental set-ups, scientific content, 
and suggestions for activity facilitation. This suite of experiments was conducted in an 
undergraduate level mineralogy class. 
 
 
4.2   INTRODUCTION 
 
Redox reactions of common minerals are extremely important processes in the natural 
environment. Familiar oxide and sulfide minerals such as pyrite, sphalerite, magnetite, and 
hematite can loose or gain electrons and change the oxidation state of constituent elements. 
Mineral redox reactions illustrate concepts such as surface reaction, catalysis or phase 
stability. Although these topics are important to many fields of study, they are difficult to 
exhibit in a classroom setting. We have developed electrochemical experiments using 
conductive minerals that allow chemical principles to be learned through observation, 
discussion and deduction. 
 

Prior reports described creative and inexpensive methods for teaching water electrolysis in 
the classroom (Heideman 1986, Eggen and Kvittingen 2004). Unique approaches for 
reaction quantification include microfluidics for gas capture (Davis, Athey et al. 2015) and 
use of indicators to reveal solution pH (Skinner and Franz 1981). Methods to increase 
student engagement and comprehension have included links to technologies such as 
wearable LEDs (Kamata and Yajima 2013) and the development of theatrical depictions of 
electrolysis (Saricayir 2010). Our use of conductive, redox-active minerals in place of inert 
metal electrodes bring together a collection of physical processes and chemical outcomes 
that require careful observation by the students to interpret.  
 
 
4.3   EXPERIMENT COMPONENTS 

 

4.3.1  Electrically Conductive Minerals 
Although most rocks and minerals are insulators, some important minerals are 
semiconductors with relatively high electrical conductivity at room temperature. 
Conductivity is easily demonstrated by allowing current to pass through a test mineral 
illuminating a light-emitting diode. Conductivity occurs when electrons in the mineral are 
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excited from an immobile ground state into a mobile excited state. As a prelude to the 
mineral electrochemistry experiment, the concepts of Figure 1 were explained using tennis 
balls as electrons.  
 
 

 
Figure 1. Energy level schemes of the electronic structure of insulators, 
semiconductors and metals. Conductivity is caused when ground-state 
electrons are excited to mobile higher states by heat or light. At room 
temperature, all electrons and atoms possess approximately 1/40 electron 
volts (eV) of thermal energy. Photons in the optical spectrum from 300–800 
nm carry around 4–1.5 eV. Magnetite and pyrite conduct electricity from Fe2+ 
and impurity states, respectively.  
 

4.3.2  Water electrolysis  

Full descriptions of the experimental layout are given in the supplement. The circuit 
diagram schematics for two mineral and battery configurations are given in Figure 2. A 
proposed set of experimental configurations, observations and interpretations are given in 
Table 1.  
 
 

 

 
 
 
 
 
 
 
 

 
 
Figure 2.  Configurations for electrochemical experiments. 

+	-	

A
+	-	

A

Configuration	A	 Configuration	B	

pyrite magnetite 

power supply ammeter 
(optional) 
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With Configuration A, bubbles are vigorously generated at both the magnetite anode and 
pyrite cathode. The first step is to ensure the students understand the water electrolysis 
reaction, by identifying and quantifying the gases evolved from magnetite anode and pyrite 
as the cathode. A flame test as described in the Supplementary Information can be used 
for gas identification. Along with consideration of color change of the pH indicator (Figure 
4) students can identify the product of catalytic water splitting: (a) hydrogen production over 
the pyrite cathode, (b) oxygen production over the magnetite anode, (c) hydroxyl (OH—) 
production around pyrite, and (d) proton (H+) production around magnetite. From these 
observations, students can construct balanced half reactions for catalytic water splitting given 
in equations 1 and 2. 

 
2𝐻!𝑂 + 2𝑒! → 2𝑂𝐻! + 𝐻!                       (1) 
 
2𝐻!𝑂 → 4𝑒! + 4𝐻! + 𝑂!                        (2) 

 
Additionally, students can notice that twice as much H2 gas is produced as O2 gas. This is as 
predicted by combining the half reactions and balancing the number of electrons as shown 
in (3a), which produces the final expression for the net reaction (3b). 

 
6𝐻!𝑂 + 4𝑒! → 4𝑒! +  4𝑂𝐻! + 4𝐻! + 𝑂! + 2𝐻!     (3a) 
 

2𝐻!𝑂 → 𝑂! + 2𝐻!                                (3b) 
 
4.3.3  Water and mineral electrochemistry 
With Configuration B, hydrogen continues to be evolved from the magnetite cathode but 
no bubbles are formed at the pyrite anode. This unexpected finding can prompt a deeper 
understanding of surface chemistry. Because hydrogen is still produced, and thus half-
reaction 1 holds, electrons must be moving towards the cathode surface. By conservation of 
charge, electrons must be moving away from the anode surface. Thus, reactions must be 
occurring at the pyrite surface instead of water oxidation.   
 

 
 
 

 
 
 
 
 
 
 
 
 

Figure 3. A. Unaltered pyrite. B. Reduced pyrite produced in 
Configuration A. C. Oxidized pyrite surface produced in Configuration B. 

 
 

A	 B	 C	
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4.3.4  Surface Redox Transformations of Magnetite and Pyrite 
Having established that that minerals may not be acting as simple catalysts, students are 
encouraged to explore more deeply into the surface redox reactions by observing the cycles 
of mineral surface tarnishing and (partial) regeneration as the electrical polarity is reversed. 
In a similar fashion to the exploration of electrolysis, students can combine careful 
observations with prior knowledge to discuss thought provoking questions.  
 
What surface chemical changes might be occurring on the mineral surfaces? A starting point for 
understanding the surface reactions is to consider the oxidation state of the redox active 
elements in the minerals. Iron and sulfur in the electrodes have both higher and lower 
oxidation states available, as could be determined by the students or presented in Pourbaix 
diagrams (Figure S2) (Ning, Zheng et al. 2014). Magnetite can be oxidized to maghemite (g-
Fe2O3) and reduced to wustite (FeO). Pyrite can be oxidized to an iron oxide or a hydrous 
iron oxide such as goethite (FeOOH) and reduced to mackinawite (FeS). It is also possible 
that pyrite could be transformed to griegite (Fe2+Fe2

3+S4), a mixed valence iron sulfide in 
which the sulfur is in a lower oxidation state than in pyrite. The electrochemical potential of 
a 9-V battery is very large relative to typical chemical redox couples.  
 
Are the surface chemical reactions reversible? The reactions are at least partly reversible as the 
surface appearance of both minerals is regenerated. However, material is lost from both 
surfaces. Magnetite and maghemite are structurally very similar and can undergo oxidation 
cycles indefinitely. However, the formation of different iron oxide and oxyhydroxide mineral 
phases listed above will lead to surface degradation and material loss as observed in the 
experiment. Visually, pyrite appears to undergo a reversible surface reactions that we 
speculated is a pyrite–greigite transformation. The students could be encouraged to suggest 
experimental methods for determining surface mineral phases, such as vibrational 
spectroscopy, X-ray diffraction. Unlike pyrite and mackinawite, gregite is ferromagnetic (a 
property harnessed by some magnetotactic bacteria (Lefevre, Menguy et al. 2011) and might 
be detectable by magnetism measurements.  
 
Could cheap, abundant minerals such as pyrite or magnetite be used as electrodes for solar powered water 
splitting? There is an intense interest in developing commercially viable photovoltaics and 
photoelectrochemical systems. Many solar cells use rare earth metals in their construction, 
which are plentiful in dilute quantities and expensive and environmentally impactful to 
obtain. Earth abundant minerals might provide alternative materials for cheaper and low 
impact solar energy systems. However, this experiment demonstrates that complex surface 
redox chemistry can introduce unwanted side reactions as well as cause the degradation of 
electrodes. These concerns are considered by researchers at Laurence Berkeley National 
Laboratory where they are constructing solar cells out of the mineral perovskite (CaTiO3) 
(Leblebici, Leppert et al. 2016)  
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Figure 4. pH changes in Configuration A with 80 ppm bromothymol blue 
(BTB). The color shift from low pH (yellow) to high pH (blue) occurs 
between pH 6-7.6 indicating that the solutions around the cathode and anode 
are acidic and basic respectively. Streams of blue indicator from the anode to 
the cathode reveal the flow of ions completing the electrochemical circuit. 

 
 
4.4   FACILITATION SUGGESTIONS 
 
Student centered learning has been identified as an important component of undergraduate 
science education (Council 2015). In facilitating this laboratory experiment in the classroom, 
we used collaborative group work coupled with open-ended discourse to engage students in 
the activity and to assess their comprehension. We encouraged the students to notice visual 
cues of physical or chemical processes and to share their observations with the group. We 
avoided asking how and why questions during discussion and instead focused on questions 
such as: What do you notice? What is similar? What is different? (Elsteeg 1985) By valuing all 
observations in groups, we promoted the sharing of diverse ideas. Most observations could 
be linked to previous didactic material from the class.  
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4.5   SUPPLIMENTARY MATERIAL 
 
4.5.1   Flame Test 
 
Flame tests are often used in the classroom to identify various elements. The application of 
flames will create excited state elements, which fluoresce, emitting photons of a 
characteristic wavelength (i.e. calcium is orange, mercury is red, sulfur is yellow).  
 
Flames can also be used to identify gasses. Non-flammable gasses such as carbon dioxide 
(CO2) and nitrogen (N2) will extinguish a burning splint. Hydrogen (H2) explodes when it 
comes in contact with a flame. In a test tube or vial this results in a flash and a popping 
sound. Oxygen (O2) burns when it comes in contact with a flame and will ignite a glowing 
ember. 
 
In the classroom, when testing for a given gas its density as compared to air needs to be 
considered. Hydrogen is less dense than air and will escape upwards, while oxygen is denser 
and will escape downwards. When testing for hydrogen and oxygen with a burning splint or 
an ember, it is best to keep vials sealed until immediately before testing. 
 
 
4.5.2   Making Mineral Electrodes 
 
Materials and Tools 

1. Mineral crystals 1-8 cm2. Choose single crystal minerals with limited cracks. 
2. Copper wire. Solid core 12-14 gauge wire works best. 
3. Conductive silver epoxy. 
4. Rotary tool for grinding and drilling. We used a Dremel tool with a bit to match the 

gauge of wire. 
 
Construction 

1. On a flat surface of the mineral use the rotary tool to begin drilling a hole. 
2. Add water periodically while drilling to clear the hole and cool the bit and mineral. 
3. Drill the hole until it fits about 0.5 cm of wire. 
4. Place the mineral in the oven at 60 ˚C (140 F) for 60 min to evaporate all moisture. 
5. After the mineral cools, mix and apply a small amount of sliver epoxy to the copper 

wire and insert it in the hole. Add epoxy as needed to affix the wire to the mineral. 
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4.5.3 Experimental Setup 
 
 

 
 
 

Figure S1.  Schematic of experimental setup. 
 
 
Materials 

1. Magnesium sulfate (MgSO4) 
2. Bromothymol blue 
3. Deionized water 

 
Supplies 

1. Voltage source. We used an adjustable voltage source, but a 9V battery will suffice. 
2. Clear container with at least a 15 cm mouth. 
3. Two glass funnels with narrow stems. 
4. Mineral electrodes 
5. Connecter wires. 
6. Stands and clamps. 
7. Vials with plastic caps (diameter greater than width of funnel stems) 
8. Large hole punch or drill. 
9. (Optional) Ammeter 

 
Construction  

1. Drill or punch holes into the caps of the vials such that they fit snugly on to the ends 
of the funnel stems. Punching or drilling holes can warp plastic caps so that they no 
longer fit on the vials and may call for multiple attempts. Parafilm can be used to 
ensure that the vials fit snugly on the caps. 

2. Fill the large clear container with deionized water. 
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3. Dissolve magnesium sulfate to a concentration of ~50 mM. Higher concentrations 
of salt will lead to higher currents which can overload electronics such as ammeters. 

4. Assemble mineral electrodes in the solution without connecting the voltage source. 
5. Fill funnels and collection vials with solution ensuring that there are no air bubbles in 

either the funnels or vials. 
6. Secure the funnels with clamps and stands. 
7. Connect the voltage source. 
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4.5.4   Sample Activity 
 
Electro-chemical Properties of Minerals 
 
Assembling the Experiment 
Remember to record everything you notice! It is important data! 
Fill a medium sized tub with water. Add a decent amount of magnesium sulfate (epsom 
salts). Connect the negative lead to the pyrite mineral. Connect the positive lead to the 
magnetite mineral. Fill the gas collection vessels with water and position them above the 
minerals.  
 
What is the atomic formula of pyrite? What are the oxidation states of the atoms? 
 
 
 
What is the atomic formula of magnetite? What are the oxidation states of the atoms? 
 
 
 
Before turning on the power, what colors are the minerals? 
 
 
Making Gas 
 
Turn on the power supply and set the voltage to 20 V. What is the current? 
 
What do you notice? 
 
 
 
 
 
 
Keeping the vial connected to the pyrite inverted, bring a burning stick close to the opening. 
What happens? 
 
 
Flip the vial connected to magnetite so that the opening faces up. Slowly insert a stick with a 
glowing ember into the vial. What happens? 
 
 
Examine the minerals. Do they look different from when the experiment began? 
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Making a Change 
 
Turn off the power supply and switch the leads connected to the minerals. Positive should 
now be on pyrite and negative should be on magnetite. Turn on the power. 
 
What happens? Did you notice any changes to the pyrite? What do you notice that is 
different from the previous setup? What is the same? 
 
 
 
 
 
 
 
Make a hypothesis as to what gas is produced on the magnetite and why. 
 
 
Test your hypothesis. 
 
Putting it all Together 
 
In the first run, what gas was produced on pyrite? On magnetite? Look up the half reactions 
for splitting water. 
 
Why might pyrite have tarnished in the first set up? What new mineral might be produced? 
 
 
 
In the second set up, what gas was produced on magnetite? 
 
 
Speculate on why no gas was produced on pyrite in the second set up. What observations 
support your speculations? 
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Figure S2. Pourbaix diagrams from Ning, 2014 at 25 ˚C. A. H2O-Fe system. B. 
Mackinawite. C. Mackinawite/Greigite. D. Machinawite/Greigite/Pyrrhotite/Pyrite 
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