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Abstract 

 Alternative energy sources need to 
be explored to prevent worsening 
consequences of climate change while 
meeting growing energy demand. The 
reductive reaction of water splitting 
through artificial photosynthesis (AP) can 
produce hydrogen gas that can be used 
for electricity. When hydrogen gas is 
burned, water is the only byproduct, 
making it a clean energy source. 
Established catalysts for hydrogen 
evolution integrate rare, expensive metals 
such as platinum, which would be 
unsustainable when scaling AP. Our group 
developed an iron (III) catalyst that is 
active for electrocatalytic and 
photocatalytic hydrogen evolution. 
Electrocatalytic studies demonstrate that 
the catalyst has modest efficiency and 
high activity. The catalyst showed stability 
and yielded high amounts of hydrogen 
relative to catalyst when tested 
photocatalytically. The catalyst is also 
robust as it can photocatalytically produce 
hydrogen from natural water sources of 
varying salinity. 

Introduction 

 The industrial revolution triggered 
the widescale use of fossil fuels for 
energy, which improved living conditions 
and increased the human population. 
Since 1950, energy demand has 
increased exponentially due to a rapidly 

growing population and global 
industrialization.1 As developing nations 
expand economically and continue to see 
their populations quickly increase, it is 
estimated that global energy demand in 
2050 will be double the energy demanded 
in 2001, jumping from 13.5 terawatts (TW) 
to 27 TW.1 It is then estimated that the 
energy demanded in 2100 will triple to 43 
TW compared to 2001.1 Fossil fuels 
remain the primary source of energy 
globally, composing over 75% of global 
energy composition in 2022 (Figure 1).2 

 

Figure 1. Composition of United States 
energy consumption from 1776 to 2022.2 

While there are enough global 
reservoirs of fossil fuels to sustain 
increasing energy demand for centuries, 
fossil fuel consumption has led to a 
climate crisis that affects environmental 
and human health through the 
accumulation of greenhouse gases like 
carbon dioxide (CO2).3 Atmospheric CO2 

has been steadily increasing with a 2.4 
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ppm average annual increase within the 
last decade.3 There is a correlation 
between increased atmospheric CO2 and 
global temperature, with warmer than 
average global temperatures compared to 
the 20th century consistently observed 
since 1980.4 The increase in global 
temperature associated with the 
combustion of fossil fuels has caused a 
variety of detrimental changes to the 
environment. These include global sea 
level rise, more intense heat waves and 
wildfires, and more extreme weather 
events like hurricanes.5 However, the 
impacts of fossil fuel consumption for 
energy also threaten human wellbeing, 
with expected increases in deaths due to 
disease and extreme heat.6 The 
increasing global energy demand and the 
harm caused to the environment and 
human health through fossil fuel 
emissions requires renewable energy 
alternatives to power the world 
sustainably into the future. 

 The two fastest growing renewable 
energy sources in the United States are 
wind and solar power.7 Simultaneously, 
fossil fuels such as coal are decreasing in 
their composition of energy generation.7 
While wind and solar energy are clean, 
renewable, and costs have decreased in 
recent years, these energy sources are 
intermittent and require storage for excess 
energy when electricity cannot be 
produced.8,9 Research into battery 
storage is attempting to keep up with the 
increase in solar energy capacity, but 
other energy storage options need to be 
investigated to meet this growing 
challenge in renewable energy usage.10  

 Artificial photosynthesis (AP) is a 
method of using solar energy to generate 
electricity by splitting water into hydrogen 
and oxygen gas to meet global energy 
demand sustainably. Like solar panels, AP 

can store energy captured from sunlight, 
but stores energy through chemical bonds 
instead of batteries. Chemical bonds have 
a higher energy density than current 
batteries for photovoltaic cells, and energy 
can be stored in chemical bonds 
indefinitely.11 These advantages of 
chemical bond storage make AP an 
exciting option for harnessing solar 
energy. AP draws inspiration from how 
photosynthesis occurs naturally in 
organisms like plants and algae, 
mimicking the transfer of electrons to split 
water and produce oxygen and hydrogen. 
Water splitting consists of two half-
reactions: an oxidation of water to oxygen, 
or the oxygen evolution reaction (OER), 
and a reduction of protons from water to 
hydrogen, or the hydrogen evolution 
reaction (HER) (Scheme 1).12 Hydrogen 
can then be ignited to generate energy, 
with water as a byproduct.12 Beyond 
hydrogen generating clean energy on 
Earth, the production of water as a 
byproduct of burning hydrogen introduces 
an opportunity to use sustainable energy 
on a spacecraft or on a Moon or Mars 
base while also producing clean drinking 
water.13  

 

Scheme 1. The reduction and oxidation 
half-reactions of water splitting.12  

 Both half-reactions of water 
splitting through AP require a catalyst. 
Early catalysts developed for the HER 
used platinum because of its efficiency 
and its ability to electrochemically reduce 
protons in aqueous solutions.14 Platinum 
catalysts are historically the most effective 
for performing the HER, but platinum is 
one of the rarest elements on Earth.14,15 
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The rarity of platinum makes it expensive, 
deeming platinum catalysts poor 
candidates to generate hydrogen gas on 
an industrial scale to meet the growing 
global energy demand. While heavy 
metals like platinum and palladium are 
rare, first-row transition metals like iron 
and copper are relatively abundant.15 
When trying to develop less expensive 
HER catalysts that can be scaled, 
research has investigated using first-row 
transition metals in these catalysts. Our 
group focuses on the development of 
catalysts integrating first row transition 
metals for hydrogen evolution. 

 The ability of a catalyst to reduce 
protons to hydrogen through the HER is 
assessed using electrochemistry and 
photochemistry. Electrochemistry, 
specifically cyclic voltammetry, gives 
insight into the efficiency and activity of a 
catalyst. The overpotential of a catalyst is 
the difference in the equilibrium potential 
of the reaction of interest, such as the 
HER, and the potential where the catalyst 
is active.16 The overpotential quantifies 
the efficiency of a catalyst by comparing 
the extra energy added to the redox 
potential that the reaction of interest 
needs to occur.16 A lower overpotential 
equates to a more efficient catalyst. The 

catalytic current enhancement (ic/ip) 
quantifies the activity of a catalyst. The 
current of the reduction peak of the metal 
within the catalyst (ip) with no proton 
source added is compared to the current 
of the proton reduction peak (ic) at the 
irreversible catalytic wave that appears 
when a proton source is added to the 
catalyst.17 A more active catalyst has a 
higher catalytic current enhancement. 
Cyclic voltammograms (CVs) can 
determine both overpotential and catalytic 
current enhancement (Figure 2).17 

 Photochemistry is used to 
determine if a catalyst can undergo the 
HER using sunlight. Photocatalytic 
hydrogen generation consists of a 
photosensitizer, a sacrificial electron 
donor, and the photocatalyst. The 
photosensitizer absorbs photons from 
sunlight, exciting an electron from the 
photosensitizer. That electron is passed to 
the catalyst to reduce protons from water 
and produce hydrogen. To continue this 
flow of electrons, a sacrificial electron 
donor gives electrons to the 
photosensitizer (Figure 3). Turnover 
numbers (TON), defined as the moles of 
hydrogen produced per mole of 
photocatalyst, describes the performance 
of a photocatalyst. 

Figure 2. CVs showing (left) the determination of overpotential and (right) the 
determination of ic and ip to determine the catalytic current enhancement.17  
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 This work introduces an iron 
catalyst with a N,N’- bis(4-
antipyrlmethylidene)-ethylenediamine 
(BAME) ligand that produces hydrogen as 
both an electrocatalyst and photocatalyst 
(Figure 4). The electrochemical and 
photochemical performance of the 
complex for the HER will be described. 
We will also discuss the ability of the iron 
(III) N,N’- bis(4-antipyrlmethylidene)-
ethylenediamine (FeBAME) complex to 
generate hydrogen with natural water 
sources, such as lake and ocean water, to 
assess the robustness of the catalyst. 

 

Figure 4. Structure of iron (III) N,N’- bis(4-
antipyrlmethylidene)-ethylenediamine 
(FeBAME) catalyst. 

 

Results and Discussion 

Characterization of FeBAME Complex 

 The crystal structure revealed the 
iron center of FeBAME has a distorted 
octahedral geometry, with Fe-N and Fe-O 
bonds between 2.0 and 2.1 Å. Fe-Cl 
bonds, ranging from 2.3 to 2.4 Å, were 
slightly longer than the bonds between 
iron and BAME. FeBAME has a distorted 
octahedral geometry as a complex, 
showing distortions primarily in the O(1)-
Fe-O(2) bond, with an angle of 102.9°, 
and the N(2)-Fe-N(1) bond, with an angle 
of 76.8°. All other bond angles are less 
than 10% different than the expected 90° 
and 180° angles. The bond lengths 
between O(1)-C(5) and O(2)-C(17) of 1.29 
Å and 1.27 Å, respectively, correspond to 
C double bonded to O in the coordinated 
ligand. This indicates an L4 coordination 
geometry of BAME to iron (Figure 5). 

Figure 3. Photocatalytic hydrogen evolution through reductive half-reaction of AP. 
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Figure 5. ORTEP diagram of FeBAME 
with Fe (orange), O (red), N (blue), Cl 
(green), and C (gray). Hydrogen atoms 
omitted for clarity and ellipsoids are at a 
50% probability level. 

Electrocatalytic Hydrogen Evolution 

The ability of FeBAME to reduce 
protons electrochemically was analyzed 
with a series of cyclic voltammetry 
studies. CVs of FeBAME alone present a 
reversible redox couple at -0.43 V vs. 
Fc+/Fc, corresponding to the reduction of 
iron (III) to iron (II). When trifluoroacetic 
acid (TFA), used as a proton source, is 
added to FeBAME, the reversible redox 
couple does not shift, but an irreversible 
catalytic wave is generated at -1.4 V vs. 
Fc+/Fc. The redox couple remaining at -
0.43 V vs. Fc+/Fc means that hydrogen 
generation occurs through an ECCE or 
ECEC reaction mechanism. The initial 
step of the catalysis is a reduction event 
(E), with a protonation event (C) occurring 
subsequently, followed by an additional 
electrochemical step (E). The current 
density of the irreversible catalytic wave at 
-1.4 V vs. Fc+/Fc increases linearly with 
increasing concentration of TFA, 
indicating that the reaction is second 
order with respect to proton concentration 
(Figure 6).  

 

Figure 6. CVs of FeBAME with no acid 
(black), 0.44 mM (red), 0.66 mM (blue), 
0.88 mM (green), and 1.1 mM (yellow) 
TFA. 

The current density also increases 
linearly with catalyst concentration, 
demonstrating that the HER is first order 
with respect to FeBAME (Figure 7). This 
gives an overall rate expression of 
rate=k[FeBAME][H+]2. 

 

Figure 7. CVs of 22 mM TFA only (black), 
97 μM (red), 192 μM  (yellow), 286 μM 
(green), and 377 μM (blue) of FeBAME. 
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 The overpotential and catalytic 
current enhancement for FeBAME can be 
calculated using cyclic voltammetry 
studies to determine the efficiency and 
activity of FeBAME, respectively. The 
catalytic current enhancement of FeBAME 
was calculated as 5.27, demonstrating an 
active catalyst for the HER. The 
overpotential of FeBAME in 1.1 mM TFA 
in acetonitrile was calculated as 700 mV, 
determined by subtracting the literature 
value of proton reduction in 1 mM TFA 
from the half-wave potential of the 
irreversible catalytic wave representing 
proton reduction (Equation 1).18 

𝑂𝑣𝑒𝑟𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 =  ห𝐸ଵ/ଶ − 𝐸௥௘௙ห 

= |(−1.4 𝑉 𝑣𝑠 𝐹𝑐ା/𝐹𝑐 )
− (−0.71 𝑉 𝑣𝑠  𝐹𝑐ା/𝐹𝑐 )| 

= 700 𝑚𝑉  (1) 

Equation 1. Calculation of overpotential 
of FeBAME in 1.1 mM TFA in 
acetonitrile.18 

Photocatalytic Hydrogen Evolution 

After it was established that 
FeBAME can reduce protons 
electrochemically, the catalyst was 
analyzed for its photocatalytic ability to 
perform the HER. System optimization 
studies determined fluorescein as the 
ideal photosensitizer and triethylamine 
(TEA) as the optimal sacrificial electron 
donor for photocatalytic hydrogen 
evolution with FeBAME. When irradiated 
with visible light with a wavelength of 520 
nm, hydrogen evolution was observed 
consistently over 36 hours, reaching 
TONs greater than 1700 (Figure 8). This 
demonstrates the stability of FeBAME in 
aqueous solution while undergoing 
irradiation and the longevity of hydrogen 
evolution using this catalyst.  

 

Figure 8. TONs over 36 hours for 7.5 μM 
FeBAME with 1.8 mM Fl and 5% TEA in 
1:1 water:ethanol. 

When addressing how 
photocatalytic hydrogen generation will be 
implemented on a larger scale, or be used 
for applications like deep space 
exploration, it is important to discuss the 
salinity of the water source that will be 
split to make hydrogen. As fresh and salt 
water are more abundant globally than 
deionized water, we wanted to test the 
ability of FeBAME in generating hydrogen 
with impure, natural water sources. Fresh 
lake water, brackish bay water, and 
saltwater from the ocean were tested, 
replacing deionized water as the proton 
source in the photocatalytic system. The 
studies conducted with lake, bay, and 
ocean water generated hydrogen for over 
30 hours. Maximum TONs over 800 were 
reached for lake water, 260 for bay water, 
and 330 for ocean water (Figure 9). These 
results correspond to other catalysts in 
our group tested with lake water, where 
lake water generated TONs that were 
about half of the TONs generated when 
using deionized water.19 
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Figure 9. TONs over 30 hours when 
integrating lake (red), bay (green), and 
ocean (blue) water instead of deionized 
water for photocatalytic hydrogen 
evolution with FeBAME. 

Conclusion 

An iron catalyst with the BAME 
ligand was synthesized, characterized, 
and successfully reduced protons to 
produce hydrogen under electrocatalytic 
and photocatalytic conditions. The crystal 
structure of the catalyst demonstrates a 
distorted octahedral geometry and 
suggests L4 binding of BAME to iron. 
FeBAME was shown to be more efficient 
and active than previous iron catalysts 
developed in our group, with an 
overpotential of 700 mV and a catalytic 
current enhancement of 5.27. 
Photocatalytic generation of hydrogen 
using FeBAME was optimized in a system 
with fluorescein as the photosensitizer 
and TEA as the sacrificial electron donor, 
reaching TONs greater than 1700 over 36 
hours. The catalyst is also robust enough 
to produce hydrogen in natural water 
sources with varying salinity. FeBAME is 
an exciting catalyst for performing the 

HER, with future research in our group 
focusing on complexing BAME with other 
first-row transition metals and 
synthesizing derivatives of the ligand. The 
success of this catalyst demonstrates the 
potential of using the HER to generate 
hydrogen for clean energy to lessen the 
use of fossil fuels on Earth and to produce 
reliable energy for space travel. 
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