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PUBLIC SUMMARY

= Nature of energy conversion in water splitting is thermodynamically clarified.

= A novel criterion for judging the feasibility of water splitting is proposed.

The reasons for the decrease in temperature during water splitting are found.

The solar spectra-driven water splitting theoretical conversion limit is obtained.
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Water-to-hydrogen can be achieved using a variety of driving energy
sources, including thermal, electrical, or photo energy. While methods for
hydrogen production in specific energy driving scenarios have been exten-
sively studied, a comprehensive theory to explain the conversion of various
energies into hydrogen is still lacking. This study provides a novel exergy-
based perspective on hydrogen production methods, revealing that the
thermodynamic infeasible water splitting process is derived from insuffi-
cient exergy input relative to the reaction exergy requirement. Enhancing
the exergy input beyond the reaction exergy requirement can break through
chemical equilibrium and enable the reaction to proceed. Providing high
exergy-to-energy ratios of energy sources such as electrical, photo, and
chemical energy for thermochemical water splitting reactions can reduce
the thermal exergy demand for hydrogen production, thus facilitating water-
to-hydrogen conversion at lower temperatures. By applying this new
insight to coupled photochemical- and thermochemical water splitting
reactions, equilibrium conversion rates corresponding to solar spectra with
different wavelengths are obtained. The highest water-to-hydrogen
conversion rate is achieved by the solar spectrum at a wavelength of about
45Tnm. The appropriate wavelength region for high water-to-hydrogen
conversion is identified. This study also identifies the theoretical conver-
sion limit of photochemical water splitting, providing insights into the
potential improvements of current experiments. More importantly, our work
offers a unified thermodynamic framework for understanding hydrogen
production methods and presents a theoretical basis for reducing reaction
temperature and enhancing conversion rate.

INTRODUCTION

Water splitting has emerged as a promising mean of producing hydrogen
(H,), offering the potential to reduce carbon emissions and promote sustain-
able development.'” Many ways exist for producing H, through water split-
ting, including thermochemical reactions driven by heat, electrochemical
reactions facilitated by electrical energy, and photochemical reactions
induced by light energy."" H, can come from diverse energy sources, indicat-
ing that the reaction process of water splitting is not dependent on the form
of the driving energy sources. This suggests that is possible to establish a
universal standard for H, production from water, and that water splitting will
occur once this standard is met.

The Gibbs free energy criterion is a widely used measure for evaluating the
spontaneity of thermochemical reactions driven by thermal energy. In such
reactions, a negative change in Gibbs free energy (AG) between reactants
and products allows the forward progression of thermochemical reactions.®’
The H, production through thermochemical water decomposition is only
possible when using the thermal energy that is capable of generating a nega-
tive AG."° However, the water splitting process can occur with a positive AG
under electrical energy driving, known as the electrochemical water splitting
reaction.'” The utilization of solar photo energy to initiate chemical reactions
has garnered significant attention.'”'® The process relies on specific short-
wavelength solar spectra that can induce the photoelectric effect on the
catalyst surface, which is largely related to the characteristics of the
catalyst.' Until now, the theoretical boundaries of the solar spectrum
required for the water-to-hydrogen conversion remain confused, and require
a thermodynamic method. Previous studies have investigated the water split-
ting process in the context of specific energy- driving scenarios. To date, no
studies have provided a universal interpretation for the conversion of diverse

energy into the chemical energy of H,. These studies lack insights into the
course of action when the water-splitting process attains chemical equilib-
rium. To establish a comprehensive framework, it is crucial to identify a
common characteristic shared by all forms of energy, which is closely linked
to the energy conversion inherent in chemical reactions.

H, production via thermochemical water splitting typically necessitates
prohibitively high operating temperatures to generate a significant quantity of
H,."® According to Le Chatelier's principle, the application of a vacuum pump
powered by mechanical work to decrease the partial pressure of gaseous
products could potentially lower the temperature of thermochemical reac-
tions.'®"" Another approach to reducing high reaction temperatures is to
replace thermal energy with electrical energy, leveraging a thermo- and elec-
trochemically coupled conversion route for water splitting and H,
production.'®'® Heating a blend of water and carbon-based fuel, as opposed
to just water, can yield H, at lower temperatures than those needed for direct
water pyrolysis.”**'Previous studies have often qualitatively posited that
highly endothermic reactions require high operating temperatures due to their
electrical energy driving is typically favored, or the addition of fuel chemical
energy is considered to reduce the enthalpy change. This conclusion seems
largely empirical because reaction enthalpy and reaction temperature do not
strictly comply with a positive correlation. For example, the reaction enthalpy
of thermolysis of ZnO is larger than that of pyrolyzing H,0, but the tempera-
ture of ZnO decomposition reaction is lower than that of thermochemical
water splitting.”

A water splitting reaction involves the transformations of energy and
exergy, given that the resulting H, carries chemical energy and chemical
exergy.””® For a successful water splitting process geared towards H,
production, the supplied energy and its corresponding exergy must match the
chemical energy and exergy inherent in the H,. It is possible to elucidate vari-
ous energy-to-hydrogen conversions from a viewpoint of exergy, as the
amount of exergy borne by a form of energy is an intrinsic attribute closely
tied to the chemical conversion process. The quantity of exergy within ther-
mal energy is determined by the Carnot efficiency and reflects the tempera-
ture, as dictated by the Second Law of Thermodynamics.”"”* Providing alter-
nate forms of energy, ones with a sufficient amount of exergy or a high
exergy-to-energy ratio, can diminish the exergy content within thermal energy
due to the constant chemical exergy of H,. This probably lowers the temper-
ature required for a thermochemical water splitting reaction.

This study reports a novel perspective on H, production through water
decomposition from a viewpoint of exergy. We establish a universal exergy-
based equation to describe and analyze the conversion of different forms of
energy into H, with which the fundamental condition required for feasible
water splitting is found. Our analysis considers different scenarios where
water splitting is driven by thermal, electrical and solar photo energies. We
find a general method to continue the reaction when it reaches chemical
equilibrium, and clarify the reason of temperature decreasing when introduc-
ing various types of energy, including electrical, mechanical work, chemical
and photo energy to the thermochemical water splitting reaction. Through an
analysis of coupled photochemical- and thermochemical water splitting
reactions, we obtain the equilibrium conversion rates corresponding to the
solar spectra encompassing different wavelengths. We explore a suitable
wavelength region of the solar spectra that could drive the water splitting
reaction and achieve a high conversion rate.
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MATERIALS AND METHODS

This study investigates the thermodynamic principles governing the water-
to-hydrogen conversion process. Specifically, it focuses on an exergy-based
framework to understand and optimize hydrogen production via water split-
ting, considering multiple forms of energy including thermal, electrical,
mechanical work, chemical, and photochemical energies.

Exergy analysis of water splitting reactions

The core methodology relies on exergy analysis, which quantifies the
useful work obtainable from a given energy source. Exergy analysis was used
to derive the minimum exergy input required for the successful completion of
endothermic water splitting reactions. The calculation of exergy inputs
involves the following thermodynamic principles:

The Gibbs Free Energy (AG), enthalpy (AH), and entropy (AS) changes
associated with the water splitting reaction were calculated to assess the
feasibility of each energy-driven process.

The exergy requirement (AE,) for the reaction was derived by considering
both the energy and exergy changes during the reaction process.

Energy and exergy input calculations

For each type of water splitting process —thermal, electrical, and photo-
chemical—the study employed specific thermodynamic equations to deter-
mine the necessary energy and exergy inputs:

Thermal Energy Input: For endothermic thermochemical reactions, thermal
energy Q is supplied to meet the enthalpy change AH as . The corresponding
exergy input is then calculated as, where T is the reaction temperature.

Electrical and Photochemical Energy: When electrical or photochemical
energy is provided in addition to thermal energy, the total exergy input
becomes the sum of the exergy carried by the thermal energy and the addi-
tional energy input. The electrical energy is fully considered as exergy .

Computational modeling

To further validate the thermodynamic predictions, computational simula-
tions using Aspen Plus were employed to model the equilibrium conversion
rates of water-to-hydrogen conversion under varying reaction conditions. The
reaction pressures were varied between 1 bar, 10-2 bar, and 10-4 bar, and
the corresponding equilibrium conversion rates were calculated and
compared with theoretical results.

Photochemical energy input

For photochemical water splitting, the study focused on the analysis of the
solar spectrum and its exergy-to-energy ratio. The relationship between
wavelength (\) and the exergy-to-energy ratio was derived from solar spec-
trum data, specifically identifying the optimal wavelength range that maxi-
mizes water-to-hydrogen conversion efficiency.

The relationship between solar spectrum wavelengths and the achievable
equilibrium conversion rate was further examined, with the optimal conver-
sion rate identified at a solar wavelength of approximately 451 nm.

Impact of reaction pressure on conversion rates

The effect of reaction pressure on the equilibrium conversion rate was also
considered, with a focus on reducing the reaction pressure to lower the
exergy requirement for water splitting. The study demonstrates that reducing
reaction pressure decreases the exergy requirement, enabling a higher
conversion rate at lower temperatures. Mechanical work, such as using a
vacuum pump to reduce the partial pressure of gaseous products, was also
explored as a method to lower reaction temperatures and enhance conver-
sion efficiency.

Further derivations and detailed analysis regarding the exergy require-
ments, energy-to-exergy ratios, and the effects of reaction pressure on equi-
librium conversion rates can be found in the Supplemental Information. This
includes calculations for specific scenarios involving electrical and photo-
chemical energy inputs, and additional modeling of thermochemical water
splitting reactions.

RESULTS AND DISCUSSION
A novel exergy-based principle for endothermic reactions

Because the water splitting process is strongly endothermic, the discus-
sion began with isothermal endothermic reactions. In order to convert reac-

ARTICLE

rea

Energy increment

t

AE, = AH - T,AS

E AE E

re

Reactants Products

Exergy increment

Q(1-T,/T)

A A
‘ ‘
‘ ‘
‘ ‘
‘ ‘

Figure 1. Energy and exergy increment from reactants to products in an endother-
mic reaction.

tants to products, the minimum amount of energy provided must be suffi-
cient to satisfy the increment in energy between the products and the reac-
tants (see Figure 1), that is,

Q+E,=AH M

where Q represents the provided thermal energy; E., is another form of
energy provided for endothermic reactions in addition to thermal energy, such
as electrical energy; AH represents the enthalpy change, indicating the total
energy increment of endothermic reactions.

The energy increment is accompanied by the necessary exergy increment,
see Figure 1. The exergy increases during an endothermic reaction, from the
reactants to the products, can be defined as follows:

AE.=AH-T,AS 2

where Ty is the temperature of the surroundings (298K), and AS is the reac-
tion entropy change.

This exergy increment refers to the minimum amount of exergy needed to
be provided to convert the reactants into products. It is commonly referred to
as the exergy requirement.”

If we substitute AH with AG+TAS based on the Gibbs function, Eq. (2) can
be rewritten as follows:

AE,=AG+(T—T,)AS=AG+TAS <1 —5> 3)

T
where AG is the Gibbs free energy change, which refers to the effective work
required by the reactions.”” TAS(1-Ty/T) or (T-Ty)AS is the thermal exergy
required by the reactions.

According to Eg. (3), the reaction exergy requirement (AE,) is comprised of
two parts: work requirement (AG) and thermal exergy requirement, TAS
(1-Ty/T) or (T-Ty)AS. Detailed derivation and analysis on the relation among
the three can be found in S2.7 of Supplemental Information.

To convert the reactants to the products, the total exergy input cannot be
lower than the exergy requirement,

AE, > AE. @

With the temperature T, the total exergy input, the sum of the exergy
carried by Qand E,, (see Figure 1), can be expressed by:

AE, = Q (1 - E) +EnA (5)

T
where A, represents the exergy-to-energy ratio of £, as an inherent charac-
teristic of £,
Combining Egs. (3)-(5) yields the exergy equation of the endothermic
chemical reactions:
To
_ ?)

_L

o<1 T) FEAL > AG+TAS (1 ®)
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Figure 2. Relationships between thermal exergy input and the reaction exergy requirement Relationships in (A) different endothermic reactions, and in (B) a thermochemical

water splitting reaction, at standard pressure.

For a specific endothermic reaction at the given temperature and pressure,
the items on the right-hand of Eq. (6) are determined. To convert reactants to
products, the provided energy (Q and £,,) should satisfy the energy require-
ment (AH). The exergy input, the sum of the exergy carried by Q and £, also
needs to meet the exergy requirement, which is given by AG+TAS(1-Ty/T). If
these conditions are not met, the endothermic reaction cannot occur thermo-
dynamically.

Three methods can be used to increase the exergy input beyond the reac-
tion exergy requirement:

(1) Utilizing thermal energy that has sufficient exergy to meet the exergy
requirement without other forms of energy input.

(2) Utilizing other forms of energy that carry adequate exergy to meet the
exergy requirement.

(3) Decreasing the exergy requirement of the reactions to be lower than the
exergy input.

Thermochemical water splitting reaction - using thermal exergy to meet
the exergy requirement

For an endothermic thermochemical reaction, the energy difference (AH) is
replenished by thermal energy, which converts the reactants to products. Eq.
(1) for an endothermic thermochemical reaction can be expressed as:

Q=AH (7)
The exergy input of the thermochemical reaction is:
—ql1-D) - _L

AEW—O<1 T) AH(] T) )

The exergy equation of the endothermic thermochemical reaction is
expressed as:

To To
2> __°
AH(] T>/AG+TAS<1 T) 9
By substituting AH with AG+TAS in Eq. (9), we obtain the following:
To T
2> __0°
AH(] T>/AG+TAS<1 T)
!
T, To
(AG+TAS) (1 —?) > AG+TAS (1 - 7)
10
m (10)
T T Ty
AG(] _T> +TAS<1 —7> ;AG+TAS<1 —?>
!
AG<LO0

Eq. (10) illustrates the underlying thermodynamics behind the Gibbs free
energy criterion. The aim of achieving a negative AG is to allow the exergy
input to meet the exergy requirement for the water splitting process to occur.
Eq. (10) demonstrates that feasible endothermic reactions require more
exergy input than their reaction exergy requirement through simple mathe-
matical derivation. For a more detailed explanation of this phenomenon,
please refer to S2.2 in the Supplemental Information.

Figure 2A illustrates the relationship between the exergy input, AH(1—To/T),
and the exergy requirement, AGHT—Ty)AS, in various endothermic thermo-
chemical reactions. When the reaction temperature (7) rises, the quantity of
exergy carried by the supplied thermal energy (Q) increases. The exergy input
gradually approaches and eventually surpasses the exergy requirement. This
is the underlying thermodynamic principle behind the need to elevate the
reaction temperature to activate an endothermic thermochemical reaction
where the exergy input needs to meet or exceed the exergy requirement.

To meet the exergy requirement and provide sufficient input, certain reac-
tions necessitate operating temperatures that may be unattainable. For
instance, the thermochemical water splitting reaction requires over 4000 K at
standard pressure, as shown in Figure 2B. When the reaction temperature
falls short of the temperature corresponding to AG=0 (referred to as the equi-
librium temperature, T, in the subsequent discussion), the exergy input fails
to meet the requirement, that is, AH(1—Ty/T)<AGHT-Ty)AS. The gap
between the exergy input and exergy requirement prevents the occurrence of
the thermochemical water splitting reaction from a thermodynamic stand-
point. In cases where a lower temperature is desirable for H, production via
water splitting, Eq.(6) provides an effective method that leverages alternate
forms of energy carrying sufficient exergy to complement the exergy gap to
meet the water splitting exergy requirement.

Water splitting with electrical energy and thermal energy - using electri-
cal energy and thermal exergy to meet the exergy requirement

One fundamental distinction between electrical and thermal energy lies in
their respective capacities to produce useful work or exergy. Unlike thermal
energy, which can only yield a limited amount of exergy based on its temper-
ature, electrical energy can be fully considered as exergy.”' If the thermal
energy available for a water splitting reaction lacks exergy due to low temper-
atures, providing additional electrical energy can increase the total exergy
input.

In an endothermic reaction at a specified temperature T (the temperature
insufficient to initiate the reaction, where T<T,y), the proportion of heat
absorbed as part of AH decreases when electrical energy is introduced. This
phenomenon is in accordance with the energy conservation law. This is
because the fixed AH is a function of temperature. The initial exergy input,

The Innovation Energy 1(1): 100004, February 26, 2024

www.the-innovation.org/energy


https://www.the-innovation.org/energy
https://www.the-innovation.org/energy
https://www.the-innovation.org/energy

Exergy input
AH(1-T,/T)

Exergy requirement
AG+(T-T)AS

Work
requirement
AG

Work input
AG(1-T,/T)

Thermal exergy
requirement
(T-T,) AS

Thermal exergy
input
TAS (1-T,/T)

— v

250
e
200t 7 .2 -
R A
3 S &
i 4
ERIRON
S 1s0f AN
< I/
N o/
&5 |
g0t (@HE,)(-T/T)+E,,  —— AG°, +(T-T,) AS°,,
[ —— E_ = 0kJ/mol,,,
6 / - — - E,,= 50kJ/mol,,,,
——- E,.= 100kJ/mol,,,;
----- E,.= 150kJ/mol, ¢
0
750 1500 2250 3000 3750 4500
T(K)

ARTICLE

Exergy requirement
AG+(T-T,)AS

(&)

Exergy input
Q(1-T,/T)+E,,

Work input
B

ele

Work requirement
AG

_

Thermal exergy
requirement
(T-T,) AS

Thermal exergy
input
TAS(1-T,/T)

v

(D
Electrical energy, E,, , 1Qpo| AH,,
© Electrical energy, E, , AE,
Exergy requirement at T, AG,

Electrical energy, E, , E Thermal energy, Q, AH,

(b) Electrical energy, E,,, , EThermaI exergy, Q. (1-T,/T) | AE;
I
Work requirement, AG, Thermal exergy requirement, (T-T,)AS,
Thermal Energy, Q.. AH,,
(@) Thermal exergy, Q. (1-T,/T,) AE,,
Exergy requirementat T_, (T, -T )AS,,
0 50 100 150 200 250

Energy and exergy (kJ/mol, )

Figure 3. Correlation of exergy input and exergy requirement in water splitting with electrical and thermal energy (A) The reason of a thermodynamic infeasible water splitting
using thermal energy as the only driving source. (B) The reason of a feasible water splitting driven by electrical and thermal energy. (C) Effect of electric energy input and temper-
ature on the exergy input of the water splitting reaction at standard pressure. (D) Origin of decrease in the reaction temperature when electrical energy is provided.

AH(—=Ty/T), increases to (AH—Ege)(1—To/ T)+Eqge implying that the exergy
requirement can be satisfied by supplying sufficient electrical energy (Ege).
Considering the critical point for initiating reactions (the exergy input equals
the exergy requirement), Egs. (1) and (6) for an endothermic reaction driven
by thermal and electrical energy can be reformulated as follows:

To
a( )
where E,, refers to the provided electric energy.
Combining Egs. (11) and (12), and substituting AH with AG+TAS, we obtain

the electric energy and the absorbed heat or thermal exergy (detailed deriva-
tion provided in Supplemental Information S2.3).

Q+E,.=AH an

L (12)

7) +Ee =AG+TAS (1

E.=AG (13)

QzTAS:O(]—%):TAS(] (14)

T,
_ 7)

Equations (13) and (14) demonstrate that the electric energy supplied
meets the necessary work requirement, while the absorbed heat fulfils the
thermal exergy requirement. In the absence of electrical energy during the
endothermic reaction process, the exergy input is determined by temperature

according to the Second Law of Thermodynamics. Since the temperature is
lower than the equilibrium temperature, the exergy input cannot meet the
work requirement (AG) once the thermal exergy requirement TAS(1=Ty/T) is
satisfied. This shortfall arises because the exergy contributed by the portion
of energy AG in AH amounts to AG(1—Ty/T), which is inadequate to meet the
work requirement, AG. The deficit is AG-Ty/T. If the work requirement does
not equal zero, AG-Ty/T can never be eliminated, resulting in the nonoccur-
rence of the reaction, as shown in Figure 3A. This is the basis for the thermo-
dynamic explanation of why thermochemical endothermic reactions are not
spontaneous when AG>0.

The quantity of exergy conveyed by electric energy is equal to the electric
energy itself. When electric energy is added, the exergy input is increased
from AH(=Ty/T) to (AH-E,e)(1—To/ T)+E,e. There is enough exergy to meet
the exergy requirement. In fact, electrical energy serves to fulfill the work
requirement, while the thermal exergy requirement is catered to by the ther-
mal exergy transmitted by Q as illustrated in Figure 3B.

Figure 3C illustrates the impact of electric energy input and temperature on
the exergy input in the water splitting reaction. The graph delineates two
scenarios: the blue line overlaid with the solid red line signifies thermochemi-
cal water splitting, while the blue line accompanied by the red dashed lines
represents water splitting driven by a combination of electric energy and heat.
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Figure 4. Effect of the conversion rate and reaction pressure on the exergy requirement at the temperatures of (A) 2500 K, (B) 3000 K and (C) 3500 K. (D) Relationship of reac-

tion pressure and theoretical mechanical work input.

In Figure 3C, the exergy requirement for the water splitting reaction remains
relatively constant across a broad temperature range. The exergy input
increases and the disparity between the exergy input and requirement
decreases as the electric energy increases. As electric energy input increases,
the intersection of the blue and red lines moves towards a lower temperature,
signaling that the exergy input can satisfy the exergy requirement at a
reduced temperature. Thus, the thermo- and electrochemical coupled water
splitting reaction takes place at a lower temperature than water pyrolysis.

To clarify the reasons behind the decrease in reaction temperature more
clearly, we show Figure 3D. When the energy (AHre,) and exergy requirement
(AErg) of a water splitting reaction are solely sourced from heat, the requisite
thermal energy input (Qr.,) needs to bear a considerable amount of thermal
exergy, Qreq(1—To/ Teg). This stipulates a high temperature in accordance with
the Carnot Theorem to satisfy Afr., as shown in Figure 3D(a). When electric
energy is introduced, the input thermal energy and thermal exergy decrease
from Qreq to Qr and from Qreq(1—To/ Tog) to Qr(1-Ty/T), respectively. In this
scenario, the thermal energy input is not required to carry an excessive
amount of thermal exergy, suggesting a lower temperature, as depicted in
Figure 3D(b). When the exergy requirement (AEy) is entirely met by the elec-
tric energy input (Eqe.), the thermal energy input (Qr) is no longer required to
bear any thermal exergy, as represented in Figure 3D(c). In this case, the
water splitting reaction can absorb heat from the surroundings, the tempera-
tureis To.

Assisting thermochemical water splitting with mechanical work - using
mechanical work to reduce the exergy requirement

In endothermic thermochemical reactions, high conversion rates typically
necessitate elevated temperatures. The use of a vacuum pump, which
reduces the partial pressure of gaseous products by mechanical work, has
proven effective in reducing the reaction temperature. Although this effect
can be explained through Le Chatelier's principle, the mechanism on the
aspect of exergy remains unclear. Here, we applied our exergy-based under-
standing of thermodynamics to analyze a low-pressure thermochemical
water-splitting reaction, aiming to elucidate the thermodynamic origin of the
temperature decrease and to suggest the direction to break through chemi-
cal equilibrium.

Unlike the use of electrical energy to enhance exergy input, reducing the
partial pressure of gaseous products via mechanical work affects the
changes in Gibbs free energy (AG) and entropy (AS). This, in turn, influences
the exergy requirement [AG+TAS(1—Ty/T)]. Detailed derivation for the exergy
requirement of water splitting reaction as a function of reaction pressure and
conversion rate can be found in S2.4 in Supplemental information.

Figure 4A shows the variations in exergy requirements for the thermo-
chemical water splitting reaction at 2500 K as a function of conversion rate
and reaction pressure. The exergy requirement increases with an increase in
the conversion rate and reaction pressure. AH,4(1—-Ty/T;) represents the
thermal exergy input at 2500 K. When it exceeds the exergy requirement, the
water splitting reaction proceeds, and H,0 is converted to H, and O,. As the
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reaction proceeds, the exergy requirement increases. When the exergy
requirement equals the thermal exergy input, H,0 is not converted into H, and
0, further. The thermodynamic equilibrium conversion rate is achieved when
the exergy requirement is elevated to the thermal exergy input, as depicted by
the intersection in Figure 4A. We calculated the equilibrium conversion rate at
the reaction pressures of 1 bar, 1072 bar and 10~ bar at 2500 K using Aspen-
Plus, represented by the black vertical dashed lines in Figure 4. Our analysis
was validated by the well-matched results of the abscissa of the intersection
and the black vertical dashed lines.

A reduction in reaction pressure contributes to a decrease in the exergy
requirement, allowing for a higher conversion rate with an exergy input at
2500 K. For instance, under the condition of 1 bar, the exergy input at 2500 K
solely satisfies the exergy requirement corresponding to a conversion rate of
4.1 %. The same quantity of exergy input yields a conversion rate of 17.5 % or
56.1 % when the reaction pressure decreases from 1 bar to 107 bar or 107*
bar, respectively.

Figure 4B and Figure 4C illustrate the effects of conversion rate and reac-
tion pressure on the exergy requirement of the water splitting process at
3000 K and 3500 K. The variation in the exergy requirement is minimally
affected by the increase of temperature. The thermal exergy input increases
with increasing temperature, meeting the reaction exergy requirement for a
higher conversion rate. Under an equivalent reaction pressure, higher temper-
atures resulted in greater conversion rates for the water splitting reaction.

A lower reaction pressure is advantageous in diminishing the exergy
requirement of the thermochemical water splitting process and obtaining a
higher conversion rate. This necessitates a larger amount of mechanical
work, as shown in Figure 4D. Following the above analysis, aiding water split-
ting via mechanical work aims to reduce reaction pressure and, consequently,
the exergy requirement. The lower exergy requirement can be satisfied by a
smaller exergy input, implying that the reaction temperature does not need to
be too high. In addition, an endothermic reaction reaches chemical equilib-
rium, indicating that the exergy requirement is elevated to the exergy input
with the conversion of reactants to products. Using effective methods to
enhance exergy input over the exergy requirement or decrease the exergy
requirement lower than the exergy input can break through chemical equilib-
rium, and the reaction can proceed again.

Water splitting with thermal energy and chemical energy - using thermal
exergy and chemical exergy to meet the exergy requirement

Thermochemical water splitting for H, production cannot occur at stan-
dard pressure unless the reaction temperature surpasses 4353 K. This
temperature is impractically high. We can reduce the reaction temperature by
pyrolysing a blend of hydrocarbon fuel and water, such as in the methane
steam reforming (MSR) reaction.

CH, +2H,0 — CO, +4H, T., = 864K (15)

Earlier studies treated methane (CH,) as the primary component and water
as a secondary reactant in the CH, steam reforming process. We propose
that water should be considered to be the principal reactant, with CH, acting
as an energy to enhance the exergy input and meet the exergy requirement of
a thermochemical water splitting reaction.

Supplying the chemical energy of CH, introduces more complexity than
incorporating electrical energy and mechanical work. This is because the
reaction system for water pyrolysis transitions to an MSR reaction with the
introduction of CH,.

To facilitate comparison, the reactions for water splitting and MSR, yield-
ing 1 mol H,, are represented as follows:

H,0 — H,+0.50,
H,0 + 0.5CH, — (0.5C0, + H,) + H,

(16)
an)

In the MSR reaction, the H, outside the bracket is assumed to originate
from H,0, while its counterpart inside the bracket is from CH,.

Through a detailed derivation which is provided in S2.5 of Supplemental
Information, the relationship between the exergy requirements of water split-
ting and the MSR can be obtained:

ARTICLE

Water splitting

L e
exergy requirement ;
., __ ‘
| 0'5EXCH4 |
: Chemical exergy of :
«————  05molCH, —————>'
'
MSR Chemical exergy
E)fergy Ikmdependent OL’I Chemical .
requirement | h | exergy of H, i

' ¢ Water splitting exergy — !
requirement AE

Figure 5. Exergy conversion in a methane steam reforming (MSR) reaction.

AE e = AE s — (0.5Exe, —EX,,) (1)

where Exqys and Exy, represent the chemical exergy of CH, and H,, respec-
tively.”

Figure 5 demonstrates that in the MSR process, the chemical exergy of 0.5
mol CHy is divided into two parts, Exiy, and 0.5Exc44— EXyp. The portion of Exy,
contributes to H, production from CH,, specifically producing H, inside the
brackets in Eq. (17). The part of 0.5Ex¢4—EXy, serves to decrease the exergy
requirement of the water splitting reaction to that of the MSR reaction. If the
exergy required by the MSR is supplied, the exergy requirement of the water
splitting reaction is met by combining the provided thermal exergy input and
0.5EXcns— EXp. Ho is produced from H,0, as illustrated in Figure 5.

Figure 6A shows the relationship between the thermal exergy input of the
MSR and the exergy requirements of the MSR and water splitting under vary-
ing temperatures. The thermal exergy input increases with rising tempera-
ture but cannot satisfy the exergy requirement of the water splitting reaction
owing to the low temperature. When the chemical exergy of CH, is incorpo-
rated, a portion of the exergy in 0.5 mol CH,, 0.5EXq4—EX,, combines with
the thermal exergy input to constitute the total exergy input for water decom-
position. Once the temperature reaches 864 K, the total exergy input, consist-
ing of thermal exergy and part of the chemical exergy of 0.5 mol CH,, meets
the exergy requirement of the water splitting reaction and facilitates the
progression of the reaction.

Initially, the exergy requirement of the thermochemical water splitting reac-
tion was entirely satisfied by thermal exergy, necessitating a very high reac-
tion temperature. The inclusion of CH, satisfies a substantial part of the
exergy requirement of the water splitting reaction owing to its chemical
exergy (represented by the green area in Figure 6A). This reduces the exergy
requirement of the water splitting to that of MSR. A small amount of thermal
exergy input, corresponding to a temperature lower than that of thermo-
chemical water splitting, can meet this reduced exergy requirement, that is,
the exergy requirement of the MSR. The temperature required for the MSR is
lower than that for water pyrolysis.

Using methane (CH,), ethane (C,Hs) and butane (CsHg) represents fuels
with varying chemical exergy, the reason that there is varying equilibrium
temperature in the different fuels reforming reaction for producing 1 mol H, is
illustrated by Figure 6B.

Without any chemical exergy input, the exergy requirement of water pyroly-
sis is the largest. If this exergy requirement is replenished completely by ther-
mal exergy, a very high reaction temperature is needed. With the addition of
fuels in the water splitting reaction, the chemical exergy of fuels can satisfy a
significant amount of exergy requirement of the water splitting reaction, and
reduce the exergy requirement of the water splitting to that of the fuel
reforming, indicating that a smaller thermal exergy input can satisfy the
decreased exergy requirement. From Figure 6B, the more chemical exergy the
fuel has, the less exergy requirement remains, due to the constant total
required exergy for producing 1 mol H,. The reduced exergy requirement can
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Figure 7. Variations in A, as a function of reaction pressure p,, and conversion rate under different temperature (A) 2000K, (B) 2500K and (C) 3000K in the water splitting

reaction

be more easily satisfied by the thermal energy with a low Carnot efficiency or
temperature, and thus the variation tendency of equilibrium temperature (the
red line in Figure 6B) agrees with that of exergy requirement.

Exergy-to-energy ratio for water splitting and a case analysis of a photo-
and thermochemical coupled water splitting reaction

The form of energy is not restricted to the aforementioned cases. To
convert water into H,, or to disrupt the chemical equilibrium for a higher
chemical conversion, the driving energy of reactions must possess certain
characteristics. This section quantitively shows these characteristics in-
depth.

Endothermic thermochemical reactions do not occur when the reaction
temperature is lower than the equilibrium temperature. To instigate these
reactions at lower temperatures, other forms of energy carrying sufficient
exergy are involved in enhancing the total exergy input. The exergy-to-energy
ratio (Ae,) as an inherent characteristic of the supplied alternative forms of
energy (E.,) must exceed that of thermal energy, represented by 1-Ty/T.
Moreover, the effective conversion energy cannot exceed AH due to the

energy limitation of the reaction. We obtain the following relationship:
An>1-T,/TandE., < AH 19)

Combining Egs. (1), (6) and (19), and donating the exergy-to-energy ratio of
thermal energy as ., Ae, can be obtained:

AG
> ===
Aen/nc+AH (-I I’)c)

(20)
Equation (20) indicates that there is a minimum exergy-to-energy ratio for
driving the endothermic reaction. When the endothermic reaction reaches
chemical equilibrium at a given reaction temperature and pressure, corre-
sponding to AG=0, the exergy-to-energy ratio of the provided energy merely
needs to exceed n,. This disrupts the chemical equilibrium, allowing the reac-
tion to resume. For instance, improving the reaction temperature for a larger
exergy-to-energy ratio of heat input can progress the reaction.

Figure 7 shows the variations in A, as a function of the reaction pressure
Drea and conversion rates at different temperatures (7) in the water splitting
reaction. We observe from Figure 7A that a high conversion rate of the water
splitting reaction requires an energy input with a high exergy-to-energy ratio.
For instance, at a reaction pressure of 1 bar, a conversion rate of 20 % was
achieved by providing energy with an exergy-to-energy ratio of 0.906. If the
energy provided is in the form of thermal energy, a 0.906 exergy-to-energy
ratio will correspond to a temperature of 3172 K. This implies an increase in
the reaction temperature from 2500 to 3172 K. Achieving a conversion rate of
80 % requires an exergy-to-energy ratio of 0.939 at 1 bar pressure. This
corresponds to a temperature of 4897 K if the energy input is thermal energy.
The required exergy-to-energy ratio for driving the water splitting reaction
decreases as the reaction pressure decreases. This is because the exergy
requirement of the water splitting reaction decreases as the reaction pres-
sure decreases. The energy input does not need to carry excessive exergy to
meet the exergy requirement, reducing the exergy-to-energy ratio.
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Figure 8. Equilibrium conversion rate of the water splitting as a function of wave-
length A under different reaction temperature at the total pressure of 1 bar.

Figure 7B and 6C show the variations in A., at 2500 and 3000 K, respec-
tively. The trend of A, in these two figures is similar to that shown in Figure
7a. The difference between the three lies in the starting conversion rate,
because increasing the temperature from 2000 to 2500 K or 3000 K results in
a higher conversion rate.

Solar spectra, especially in the short-wavelength region, possesses a high
exergy-to-energy ratio. Previous researches have calculated the exergy-to-
energy ratios corresponding to various wavelengths. Substituting A, in Eq.
(20) with exergy-to-energy ratios of the solar spectra at different wave-
lengths in Ref 33, we can formulate Eq. (21) as:

Arape (A) 211+ % (I1—=nJ)=n.+
(21)

X05 Xy,

AG@(T)+RmT1n( 0, .pgegﬂ 1-n,
X0

AH

where Ao is the exergy-to-energy ratio of a specific solar spectrum which
is a function of wavelength A; x represents molar fraction of gaseous compo-
nents, which is determined by the conversion rate.

When the item at the left side of Eq. (21) is larger than that at the right side,
the solar spectrum energy at corresponding wavelength is suitable to convert
H,0 into H,. With the reaction proceeding, the increasing partial pressures of
oxygen and hydrogen products result in the rise of the item at the right side of
Eq. (21). The conversion from H,0 to H, terminates and the water splitting
reaction reaches chemical equilibrium when the item at the right side of
Eq. (21) increases to that the left side of Eq. (21).

Figure 8 presents the equilibria conversion rate of the water splitting reac-
tion corresponding to different wavelengths under different temperature at
the total pressure of 1 bar. The total tendency of conversion rate decreases
with increasing wavelengths. An increasing reaction temperature is benefi-
cial to improving the equilibria conversion rate. When the reaction tempera-
ture of water splitting is 673K, utilizing solar spectra at wavelengths ranging
from 319 to 895 nm and 986 to 1042 nm can achieve a thermodynamic H,0-
to-H, conversion rate exceeding 45 %. Solar spectrum at a wavelength of 4571
nm yields the highest equilibria conversion rate for the water splitting reac-
tion at different temperature, converting 65.5 % of H,0 to H, at 673 K, 62.5%
of H,0 to H, at 573 K, 58.7% of H,0 to H, at 473 K and 54.7% of H,0 to H, at
393 K. In the investigated temperature region from 393 K to 673 K, solar
spectra at wavelengths above 1760 nm cannot decompose H,0 into H, at a
high conversion rate (below 25 %). Considering the impact of catalyst materi-
als and reaction kinetics on the practical conversion rate, it is not advised to
drive the water splitting reaction using solar spectra with a wavelength above
1760 nm. The suitable wavelength region for achieving high H,0-to-H,
conversion (over 40 % of the thermodynamic conversion rate) is suggested

ARTICLE

shorter than 843 nm at a low temperature (393K), and shorter than 1092 nm
at a higher temperature (673K).

CONCLUSIONS

A novel exergy-based thermodynamic perspective on H, production via
water decomposition is presented. This perspective enables the exploration
of various energy forms into H,, such as thermal, electrical, mechanical work,
chemical, and photo energy. Our research suggests that insufficient exergy
input relative to the exergy requirement impedes water splitting. Enhancing
the exergy input beyond the reaction exergy requirement can disrupt chemi-
cal equilibrium and initiate water-to-hydrogen conversion. Providing energy
with high exergy-to-energy ratios to facilitate thermochemical water splitting

Bilau3 uolypbAouy| Y |

can decrease the thermal exergy converted, thereby enabling water splitting ~<

at lower reaction temperatures. A detailed analysis of a coupled photochemi-
cal- and thermochemical water splitting reaction revealed that an optimal
water-to-H, conversion rate is achieved using a solar spectrum at a wave-
length of 451 nm. An optimal wavelength region for high water-to-hydrogen
conversion is suggested. This study identifies the theoretical conversion limit
of photochemical water splitting, providing insights into the potential
improvements of current experiments. Our work offers a unified thermody-
namic framework for understanding hydrogen production methods and
establishes a theoretical basis for reducing reaction temperature and
enhancing conversion rate.
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