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Executive summary 

In this report, the principles of axiomatic design are applied to the SUN2CHEM photocatalytic 

device concepts for ethylene production. The specific aim is to establish a theoretical bottom-up 

engineering framework taking into account top-down systems engineering requirements across 

relevant length scales. Multiple combinations of heterojunctions of catalysts are investigated, both as 

Type II heterojunction as well as Z-scheme heterojunctions. Type II heterojunctions are limited to 

semiconductor light absorbers with very large bandgaps, limiting the overall solar to ethylene 

efficiency. Multiple combinations of Z-scheme heterojunctions have the ability to work well, as long as 

it is ensured that semiconductor with the larger bandgap always absorbs the light before the 
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semiconductor with the smaller bandgap does, and assemblies are properly structured on the 

nanoscale to overcome back reaction and recombination losses. Additionally, it is not clear if the best 

CO2RR catalyst would be able to preform to its full potential.  
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1. Introduction 

In this report we will use Axiomatic Design (AD) to explore the design space of semiconductors to 

be used in photocatalytic CO2 to ethylene reactors. First, AD and its main concepts will be introduced, 

followed by an application of AD to the different photocatalytic concepts. Finally, we will explore the 

design and system range of the different photocatalytic systems and make a prediction about the 

behavior of the materials introduced in T2.1-2 based on their system range.   

1.1. Axiomatic Design for CO2 to ethylene reduction 

1.1.1. Introduction AD 

AD assumes that there exists a rational engineering approach to the design of complex systems 
based on fundamental principles. 1  It provides a general theoretical framework to make design 
decisions with sound scientific underpinning. AD usually consists of 4 layers, the customer attributes 
(CA), the functional requirements (FRs), the design parameters (DPs) and the process variables (PVs) 
as depicted in Figure 1. When looking at engineering a complex system, the CA’s govern the desired 
attributes by the customer, i.e. from an application perspective, the FRs the functional requirements 
as specified by the design (’What we want to achieve’), the DPs the physical variables which can satisfy 
the functions (’How we want to achieve it’) and the PVs the process variables that control the design 
parameters in the sense that those PV’s need to optimized across interfaces to fulfill the requirements 
for application.2  In AD such optimization is achieved with a limited set of FRs and DPs through a 
rational engineering approach. In this deliverable we introduce and apply the AD concept and an 
engineering theory for WP2 of SUN2CHEM.3 

 
Usually, in design theory of complex systems the design space is either explored in an activity 

based, bottom-up manner with repeated iterations of analysis, synthesis, and evaluation, or in a phase 
based, top-down way where design progression follows the amount of detailed information that is 
known about the implementation of the design.4  AD aims to bridge the gap between these two 
approaches by invoking two main axioms: 

 
1. Axiom 1: The independence requirement: The individual FRs should be independent from 

each other.  
 
2. Axiom 2: The information requirement: The information content of the system should be 

minimized. 

 

1 N Suh, "Designing-in of quality through axiomatic design", in IEEE Transactions on Reliability, vol. 44, 1995, 256-264. 

2 D Gebala & N Suh, "An application of axiomatic design", in Research in Engineering Design, vol. 3, 1992, 149-162. 
3 Park, C, D Baldwin, & N Suh, "Axiomatic design of a microcellular filament extrusion system.". in Research in 

Engineering Design, 8, 1996, 166-177.; H Yu et al., "Axiomatic design of the sandwich composite endplate for PEMFC in fuel 
cell vehicles", in Composite Structures, vol. 92, 2010, 1504-1511. 

4 Evbuomwan, N, S Sivaloganathan, & A Jebb, "A Survey of Design Philosophies, Models, Methods and Systems.". 
in Proceedings of the Institution of Mechanical Engineers, Part B: Journal of Engineering Manufacture, 210, 1996, 301-320. 
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Adhering to these axioms and decoupling of DPs and FRs leads the way to rationally engineered 

systems that are more robust than systems engineered following heuristic approaches. AD makes a 
distinction between “complex” and “complicated”. While there is no design limit to how complicated 
DPs are, their ranges of operation are optimized with respect to tolerances in the FRs to limit 
complexity, while maintaining adaptability to changing requirements and circumstances and 
insensitivity to random environmental fluctuations, just as biological systems are.5 

 

1.1.2.  Design matrices 

Central to AD is the construction of a design matrix that captures the design space across relevant 
length scales. For product design, the DM captures the influence of the DPs on the FRs. Figure 2 shows 
examples of coupled, decoupled and uncoupled product DMs. For process design, a process DM is used 
that connects the DPs with the PVs.6  

 
The specific aim of the SUN2CHEM consortium is to realize a solar to ethylene device vehicle, 

following an AD strategy with a FR-DP product DM.  According to axiom 1, the number of DPs should 
be equal to the number of FRs to ensure independence and robustness of the design. For an uncoupled 
design, characterized by a diagonal DM, every FR depends on a single DP, which makes them 
independent parameters in optimization without a need for iteration (Figure 2a). If a FR design target 
or its design tolerance changes, only one DP must be adjusted. In practice however, it is often observed 
that limited coupling cannot be avoided. This does not have to be a problem if a triangular DM can be 
established. With off-diagonal elements on one side of the diagonal, no iteration is needed if a specific 
design order is followed. Figure 2b shows an example of such a decoupled DM. The rational design 
path starts with determining DP1, as the design range of DP2 and DP3 can still be adjusted afterwards, 
allowing to optimize the design by following the rational path. Should FR1 change, the same design 

 
5 Thomas, J, T Lee, & N Suh, "A Function-Based Framework for Understanding Biological Systems.". in Annual Review of 

Biophysics and Biomolecular Structure, 33, 2004, 75-93. 

6 Suh, N, "Axiomatic Design Theory for Systems.". in Research in Engineering Design, 10, 1998, 189-209. 

Figure 1 : Axiomatic Design  considers  4  domains:  The  Customer  Domain,  the  Functional  Domain,  the  Physical  
Domain  and the Process Domain. The Customer Domain maps to the Functional  Domain,  which  in  turn  maps  to  
the  Physical  Domain, which maps to the Process Domain. When designing, one usually starts with the customer 
attributes, which map to the Functional requirements, which in turn map to the Design Parameters, which map to the 
Process variables. When designing in more detail by decomposing the FRs into subFRs ,  the FRs, DPs and PVs at the 
higher level should be taking into account, in a process called ‘zigzagging’.  
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order needs to be followed again and DP2 and DP3 might need to be adjusted as well. However, if for 
example, FR2 changes, only DP2 has to be adjusted to arrive at a clever design for a new system. In 
contrast, Figure 2c shows a fully coupled DM, where no rational path based on design order can be 
identified. If FR1 changes, both DP1 and DP2 must change, but as both have an influence on FR2 as 
well, they cannot be changed sequentially, providing a need to iterate until a solution has been found. 
According to AD, this will not result in a robust design and should be avoided.6 
 

A module is defined as the row of a DM, i.e. a FR together with its solution in terms of DPs.错误!

未定义书签。 Modules can be decomposed to integrate design to form lower level FRs and DPs.   
 

 
Figure 2 : Examples of different DMs. In (a) the DM is uncoupled, in b it is decoupled and in c the DM is fully coupled. 

 
Finally, there are constraints on the design that are valid at all lower levels, such as geometric 
constraints or input from the customer domain that only a certain type of materials should be used, 
that should be met during the decomposition process.7 

1.1.3. System range & design range 

In AD a design is considered complex when the probability of success is low. To provide a 
quantitative measure of the complexity, AD uses the information content I, which should be minimized 
to increase the probability of success according to axiom 2. The information contents 
 
   𝐼 = ∑ − log 𝑝𝑖

𝑛
𝑖=1   

 
is defined in terms of the probabilities 𝑝𝑖  that a FR𝑖 will be satisfied by a DP𝑖. Since 0 < 𝑝𝑖 < 1 the 𝐼 ≥
0. Minimally complex system designs with 𝐼 = 0 are obtained when all 𝑝𝑖 = 1 and are deterministic, 
while system designs with 𝐼 > 0 are to various degrees probabilistic, in the sense that they are not 
guaranteed to meet all FR.  
 

The pi can be computed by specifying a target with tolerance for every FR to define its design 
range, and determine the probability density function for the system range that a proposed DP can 
provide to solve the FR. Figure 3 schematically illustrates how the FR, depicted by its design range on 
the horizontal axis, is used to determine the suitability of a DP, represented by its normalized 
probability density function measured on the vertical axis to describe its system range. The overlap 
between the design range and system range, called the common range, gives the likelihood that the 
FRi is satisfied by the DPi, i.e. the pi.  

 
7 Tate, D, "A ROADMAP FOR DECOMPOSITION: ACTIVITIES, THEORIES, AND TOOLS FOR SYSTEM DESIGN.". 

Massachusetts Institute of Technology, 1998. 
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In the context of AD a design is complex when its probability for success is less than unity, due to 

one or more pi<1. There are three ways this can occur. First, there are intrinsic limitations at the 
process design level, such as the thermodynamic limits, that reduce the probability of success of the 
photon to chemical product forward reaction. In particular, since light to chemical storage conversion 
is a thermodynamically forbidden, energetically uphill photochemical process, it is always limited by 
probabilistic back reaction and recombination losses, that can be minimized, but never totally 
eliminated for thermodynamic reasons by matching time, length and energy scales in the product 
design and careful materials engineering of the DPs for optimal process variables such as transport 
rates of intermediate carriers8 The other two can be addressed with insight from Figure 3 and the FR-
DP product DM as in Figure 2a,b. When the tolerance of the FR is too small, in the sense that the 
probability density function for the DP extends over a larger system range than the FR tolerance 
represented by its design range, this will inevitably lead to a pi<1 for the FRi-Dpi pair. It is easy to 
understand from an engineering perspective that the more tolerance can be associated with a FR, the 
easier it will be to satisfy it with a DP. Likewise, it is important to narrow the probability density 
function describing the system range of a DP to such an extent that it can be shifted within the 
tolerance offered by the FRi according to their design range by step by step optimization along the 
rational path in the DM to yield all pi equal or close to 1, irrespective of the precise shape of the 
probability density function. This is possible for an uncoupled or decoupled DM (Figure 2a,b). Thus, a 
large complicated system does not have to be complex in the context of AD if the design ranges and 

system ranges are well aligned for all FRs and I is minimized at or very close to 0.1 错误!未定义书签。  
In contrast, for a coupled DM (Figure 2c) there is no guarantee that the system ranges of the DPs can 
be adjusted to their corresponding FR tolerance regions even after extensive iteration, because of 
interdependencies that prevent satisfying all FR optimally, leading to enhanced complexity with I>0 
and low probability of success. A notable example from the PEC field is the struggle to achieve energy 
efficiency, quantum efficiency and materials efficiency at the same time, which was not yet realized 
due to interdependencies in FRs at the product design level or DPs at the process design level. 
  

 

 
Figure 3 : Common range & system range on a FR. The common area is filled. Image adapted from 1.  

 

 
8 Grätzel, M. (1980), Photochemical Methods for the Conversion of Light into Chemical Energy. Berichte der 

Bunsengesellschaft für physikalische Chemie, 84: 981-991. https://doi.org/10.1002/bbpc.19800841009 
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1.1.4. The V model 

AD provides a layered engineering theory following a conceptual framework that combines top 
down decomposition with bottom-up assembly (Figure 4). On the left side of Figure 4, the top layer 
FR-DP pair is decomposed into multiple child FRi. A minimum set of child FRI should be chosen that 
addresses the parent FR completely, in accordance with Axiom 1. In AD the FRi are stated first and then 
solved in terms of DPi, in such a way that an uncoupled or decoupled design matrix is obtained for 
rational design. When choosing between different DPs to solve a FR, the objective is a probability 
density function for the system range of the DP that is narrow compared to the tolerance of the FR to 
enhance the probability of a successful design by minimizing information content, in accordance with 
Axiom 2.  

 
Using the set of FRi and DPi a product DM is constructed, interdependencies between different 

FRs and DPs are identified, and the rational path is determined. This concludes the top-down approach. 
Using the rows in the DM, the modules on this layer can be defined and child AD processes can be 
performed to decompose modules with sets of FRi.j and DPi.j at a next lower level. Using the modules, 
the material entities can be defined in the start of the bottom up approach, after which interfaces can 
be established and the full systems morphology can be determined. The process variables describe e.g. 
rates or flows across levels, which are optimized across interfaces to build up a fully operational system. 
In this deliverable, we apply this procedure to two device concepts of the SUN2CHEM project, 
photocatalysts with type II heterojunctions and photocatalytic systems involving the Z-scheme. 

 
 

 
Figure 4 : Axiomatic design process for a systematic approach to the PEC and PC cell design (The V model). Adapted from 
5. 
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1.2. Design matrix for photocatalysts 

The project distinguishes between two types of photocatalysts: Type II photocatalyst using a 
staggered heterojunction (Figure 5) and heterojunctions using a Z-scheme mechanism (Figure 6). The 
goal is to achieve the overall reaction  
 

2CO2 + 2H2O → C2H4 + 3O2 (∆𝐺 =  +1323kJ/mol). (1) 

This thermodynamically unfavorable reaction with Δ𝐺 > 0 can be achieved by two light-driven 

half-reactions:  

6H2O ↔ 12H+ + 3O2 + 12e−  (𝐸0 = 1.23V vs RHE) (2) 

2CO2 + 12H+ + 12e−  ↔ C2H4 + 2H2O (𝐸0 = 0.08V vs RHE) (3) 

Where a total of 𝑛e = 12 electrons are transported from water into ethylene using 𝑛ph = 2 

photons per electron, one photon for each half reaction. The half reaction in equation 2 is also known 
as the Oxygen Evolution Reaction (OER) and the half reaction in equation 3 is the CO2 reduction 
reaction (CO2RR).9 

In general, there will be losses at the light absorber and the catalyst stages of the photocatalytic 
system. The photochemical yield 𝜑e of light induced charge separation can be defined as the number 
of electrons produced per einstein of incoming photons and corresponds to 𝜑e = (1 − 𝜑loss) with 
𝜑loss measuring the back reaction and recombination losses, and other, nonradiative losses at the light 
absorption stage. At thermodynamic equilibrium, the detailed balance condition for photochemical 

free energy storage is ∆𝜇st = 𝜇0 − 𝑘B𝑇 ln
𝑡st

𝜏⁄  and with ∆𝜇st > 0 for realizing ∆𝐺 = +1323 kJ/mol 
over the two half reactions, a large semiconductor band gap will be required to cover mixing entropy 

losses 𝑘B𝑇 ln
𝑡st

𝜏⁄ . Typically, more than 0.6 eV free energy needs to be provided in excess to minimize 
the back-reaction losses by shifting the equilibrium away from fluorescence recombination decay at 
the light absorber towards the catalysis, since this occurs on a much longer time scale tst > 10-3 s than 

the fluorescence lifetime  ~ 10-9 s. The photocatalytic yield of ethylene 𝜑C2H4
 is given by:  

𝜑C2H4
= 𝜑e ⋅

𝐹𝐸C2H4

𝑛e𝑛ph
 , (4) 

 
with 𝐹𝐸C2H4

 the faradaic efficiency of producing ethylene relative to other products such as H2. If 𝑗ph 

is the net incoming photon flux density (usually in mol.cm-2.h-1) then 𝑗 = 𝑗ph𝜑e/𝑛ph  is the net 

forward current density of photoexcited electrons throughout the system, and the production rate of 
ethylene is  

𝑣C2H4
=

𝑗ph

𝐹
⋅

𝜑e𝐹𝐸C2H4

𝑛e𝑛ph
=

𝑗

𝐹
⋅

𝐹𝐸C2H4

𝑛e
 , (5) 

 
 
where 𝐹 = 96550 C/mol is Faraday’s constant. The solar to ethylene (STE) efficiency of the system is 
given by:  

𝜂STE =
∆𝐸 ⋅ 𝑗 

𝑆
⋅ 𝐹𝐸C2H4

 (6) 

 
9 D Tan et al., "Strong interactions of metal-support for efficient reduction of carbon dioxide into ethylene", in Nano 

Energy, vol. 89, 2021, 106460. 
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Where ∆𝐸 = 1.15 V is the equivalent potential of ethylene and 𝑆 the power of the incoming photons 
and 𝐹𝐸C2H4

 the faradaic efficiency of the selection of ethylene.9  

 
We can now define our main FR and DP: 
 

FR: Sunlight to ethylene production with high faradaic efficiency 
DP: Photocatalytic system 

 
This main FR-DP pair can be split into three child FRs: 

 
FR1: Create separated e/h pairs from photons with >70% efficiency 
FR2: Use separated holes in the oxygen evolution reaction with 100% selectivity 
FR3: Use separated electrons in the CO2 to ethylene reduction reaction.  
 

Here, it is possible to solve FR1 by either a Type II heterojunction or by a Z-scheme heterojunction. 
Both options are explored below. FR2 will be solved by an OER cocatalyst and FR3 by a CO2RR 
cocatalyst.  
 
Type II heterojunctions 
 

Type II heterojunctions uses two semiconductors with different bandgaps and different 
alignment of their conduction bands and valence bands to generate electron/hole pairs and separate 
them. Here, the electrons travel from the solar cell with highest conduction band to the lowest 
conduction band, and holes travel in the opposite direction via the valence band. Reduction can take 
place at the semiconductor with the lowest conduction band, while oxidation takes place at the highest 
valence band, both helped by cocatalysts. It would also be possible for the bandgaps of the 
semiconductors to be exchanged, as this would not fundamentally change the mechanism. (Figure 5) 

 
 

 
Figure 5 : Schematic view of photocatalytic composite undergoing water oxidation and CO2 reduction via a Type II 

staggered heterojunction.  

 
Z-scheme heterojunctions 
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In a Z scheme heterojunction, semiconductors with a smaller bandgap can be used. Figure 6 shows 
a schematic overview of how Z scheme heterojunctions work. Electron-hole pairs are generated in 
both semiconductor 1 and semiconductor 2. The holes generated in semiconductor 2 recombine with 
the electrons generated in semiconductor 1, by which charge separation is achieved. However, in order 
for this to happen, the rate of electron/hole generation should be equal in both semiconductor 1 and 
2 as they need operate as a tandem, needing two photons for every separated electron/hole pair. The 
electrons of semiconductor 2 can then be used in the CO2RR, while the holes in semiconductor 1 can 
be used in the water oxidation reaction. The bandgaps of semiconductor 1 and 2 could also be 
exchanged, as long as the conduction band of semiconductor 1 is higher than the valence band of 
semiconductor 2, and the conduction band of semiconductor 2 should be higher than required by the 
CO2RR cocatalyst, just as the valence band of semiconductor 1 should be lower than required by the 
OER cocatalyst. 

 
Figure 6 : Schematic view of photocatalytic composite undergoing water oxidation and CO2 reduction via a Z-scheme 
staggered heterojunction with a shuttle.  

1.2.1. Design Matrix Type II photocatalyst 

Table 1 shows the design matrix for photocatalysts with type II heterojunctions. We distinguish 
three regions on the top level: The heterojunction of two semiconductors (DP1) that should obtain 
separated e/h pairs from photons with an overall faradaic efficiency of 70%, and the OER cocatalyst 
(DP2) that should facilitate the water oxidation reaction (FR2) and the CO2RR cocatalyst (DP3) that 
facilitates the CO2RR reduction reaction (FR3) are both bound to the heterojunction. 

 
When we look more closely at FR1, we can identify 2 sub FRs: absorbing photons and using them 

to make electron-hole pairs (FR1.1) and separating these electron-hole pairs (FR2). Both tasks are 
fulfilled by both the sub-DPs of DP1, Semiconductor 1 (DP1.1), which has a smaller bandgap in this 
design than Semiconductor 2 (DP1.2). This means that the light absorption is essentially limited by 
DP1.1, and DP1.2 can be chosen in such a way that the charges are effectively separated, by aligning 
its VB and CB with DP1 to maximize charge separation. As both the valence band of DP1.1 and DP1.2 
should allow the hole to travel to the OER cocatalyst (DP2), an influence of both semiconductors can 
also be seen here. The same goes for their conduction bands, as these should both allow the electron 
to travel to the CO2RR catalyst (DP3).  
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Table 1 : Design matrix for photocatalytic systems with Type II heterojunctions. 
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1.2.2. Design Matrix Z-Scheme photocatalyst 

The first layer of functional requirements for the Z-scheme photocatalysts are the same as for the 
Type II heterojunctions. The main FR is still to produce ethylene from sunlight with a high faradaic 
efficiency, and FR1, FR2 and FR3 are not changed and DP2 and DP3 are still the OER and CO2RR 
cocatalyst, respectively. Only DP1 has changed into a Z-scheme heterojunction.   

 
A Z-scheme heterojunction consists of a tandem pair of solar cells with a shuttle, depletion region 

or metal in between them where the photogenerated electrons of semiconductor 1 recombine with 
the photogenerated holes of semiconductor 2, achieving charge separation (FR1.2). Semiconductor 1 
(DP1.1.1) has a constraint that its valence band should be low enough to drive water oxidation, while  
semiconductor 2 should both match the current density generated by semiconductor 1 as well as have 
a conduction band high enough to drive the CO2 to ethylene reduction reaction.  

 
The bandgaps of both semiconductors should match each other well, as the overall reaction is 

limited by the semiconductor that produces the least electron/hole pairs. A price in the total efficiency 
is paid by requiring two photons for every separated electron/hole pair, but with a good selection of 
complementary solar cells, this should easily be compensated by allowing the semiconductors to have 
smaller bandgaps and use the increase in the number of photons at lower energies in the solar 
spectrum, resulting in a higher number of separated electron/hole pairs at higher potential differences.   

 
However, Z-scheme photocatalysts have one drawback: They do not necessarily have a fixed 

direction regarded to the sun, making it hard to ensure that the UV light will be absorbed by the 
semiconductor with the largest bandgap. If both UV and visible light is absorbed by the  semiconductor 
with the lowest bandgap, no recombination can take place in the shuttle as there are no electrons for 
the holes to recombine with. This will result in a bad separation and therefore high recombination 
rates. Therefore, it is necessary to ensure that the orientation of these photocatalysts is always 
towards the sun.  
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Table 2 : Design matrix for photocatalytic systems with Z-Scheme heterojunctions including the considered materials.  
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2. Prediction on behavior of photocatalytic materials 

The overall production of ethylene by the photocatalytic materials is limited by the total current 
density flowing through the whole system. In order to see what every component can add, we will look 
at every component and determine the system range between different materials for every 
component.  

 

2.1. System range different photocatalytic materials 

2.1.1. Semiconductors 

The system range of semiconductors is mostly determined by their bandgap. As only photons with 
more energy than the bandgap of semiconductors can be absorbed, this determines the upper limit of 
the total rate. However, it is also important to take the conduction band (CB) and valence band (VB) 
into account, as the CB needs to be more negative than the cocatalyst used for CO2 reduction to ensure 
that the excited electron will travel to the cocatalyst and can be used for  CO2 to ethylene reduction. 
Similarly, the VB needs to be higher than the cocatalyst used for water oxidation. By choosing a 
semiconductor pair for the heterojunction, this will as well determine the design range for the 
cocatalysts.  

 
The upper limit of photogenerated current density and voltage can be calculated by the same 

method used by Shockley & Quiesser in 1961 by a detailed balance limit.10 
 
The maximum theoretical total current density can be obtained by the sum of the incident solar 

radiation (𝐽ph) minus the radiative emission (𝑗rad) calculated from the laws of thermodynamics and 

statistical mechanics, as all semiconductors absorb sunlight and as a consequence, also radiate light.11 
 

𝑗(𝑉) = 𝑗ph − 𝑗rad(𝑉) (7) 
  

The AM1.5 solar spectrum (ASTM G-173), from the U.S. Department of Energy 
(DOE/NREL/ALLIANCE), is used to obtain the wavelength (𝜆, in nm) and spectral irradiance (𝐸e,λ, in 
W·m-2·nm-1) for a representative solar irradiance as seen on earth.12 

 
The current density due to incident solar radiation can be calculated by converting the bandgap 

𝐸g to the maximum absorbed wavelength 𝜆g =
ℎ𝑐

𝐸g
 , where ℎ is Planck’s constant and 𝑐 the speed of 

light It is assumed here that all photons with a wavelength smaller than 𝜆g will be absorbed.  

 
10 W Shockley & H Queisser, "Detailed Balance Limit of Efficiency of p‐n Junction Solar Cells", in Journal of Applied 

Physics, vol. 32, 1961, 510-519. 

11 Henry C. H. “Limiting efficiencies of ideal single and multiple energy gap terrestrial solar cells”, in Journal 
of Applied Physics. - 1980. - Vol. 51. - pp. 4494-4500. 

12 "Reference Air Mass 1.5 Spectra", in Nrel.gov,,2022, <https://www.nrel.gov/grid/solar-resource/spectra-
am1.5.html> [accessed 16 March 2022]. 
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𝑗ph = 𝑞 ∫ 𝐸e,λ ⋅
𝜆

ℎ𝑐
𝑑𝜆

𝜆𝑔

0

(8) 

The radiative emission can completely theoretically be estimated by:13 
 

𝒋
𝐫𝐚𝐝

= 𝒒
(𝒏𝐭𝐨𝐩

𝟐 + 𝒏𝐛𝐨𝐭𝐭𝐨𝐦
𝟐 )

𝟒𝝅𝟐ℏ𝟑𝒄𝟐
⋅ 𝑬𝐠 ⋅ 𝒌𝐛𝑻 ⋅ [𝒆𝒙𝒑 (𝒒

(𝑽 + 𝒋 ⋅ 𝑹𝐬 − 𝑬𝐠)

𝑨𝐝𝐢𝐨𝐝𝐞𝒌𝐛𝑻
) − 𝟏] (9) 

 
Here, 𝑛top and 𝑛bottom are the refractive indices of the top and bottom junction of the semiconductors. 

Usually, n is between 3 and 4 for solar cells, n = 1 for air and n = 0 for a perfect back reflector. A value 
of 𝑛top = 3.43 and 𝑛bottom = 1 were used here, in accordance with literature.13   

This can be simplified to:14 10 

𝑗rad = 𝑗0 ⋅ [exp (
𝑞(𝑉 + 𝑗𝑅𝑠)

𝐴diode𝑘b𝑇
) − 1] (10) 

Where 𝑗0 is a value that can be determined by setting V=0 in equation 10 or it can be measured 
experimentally. The -1 term is introduced to compensate for the thermal contribution, where the 
solar cells absorb radiative photons from their environment instead of the sun. At 0V, this will 
compensate the radiative recombination by the solar cell itself and can be ignored for solar cells with 
a bandgap larger than 0.3 eV. 15 

In this project, multiple concrete combinations of two semiconductor materials are considered, 
listed in Table 3. Here, the bandgap of the individual semiconductors determines an upper bound to 
the photogenerated current density by a semiconductor. In practice however, it would be unlikely to 
extract this maximum, as it is assumed that all photons will be absorbed successfully.  

 
The bandgaps of the different semiconductors are consistent between different sources. However, 

the position of the CB and the VB sometimes changes between sources, making it hard to make exact 
predictions. One of the material-pairs considered consists of combinations with CuxO. This is a 
combination of CuO and Cu2O, materials with different bandgaps and conduction bands and different 
sources list different positions for the CB and VB of both materials. Therefore, it is taken as the system 
range in this report.16 17 18 19 

 
The upper bound on charge separation is given by the difference between the CB and VB used for 

water oxidation, as this is the maximum level of separation found in the system. However, some energy 
of the electron/hole pair will be lost when they move to the cocatalysts in order to prevent back 
reactions. It is therefore necessary to have an even higher separation than the separation required by 
the final level found between the cocatalysts. Additionally, we can calculate the theoretical maximum 
value for the overall voltage difference where only 20% of the current density is used in radiative 
recombination on the solar cell, 𝑉max using equation 10 and limiting 𝑗rad to 20% of 𝑗ph to arrive at a 

value for the maximum voltage that can be drawn from the solar cells.  

 
13 S Hu et al., "Optimal Band Gap Combinations of Light Absorbers for Integrated Photoelectrochemical Water-Splitting 

Systems", in ECS Meeting Abstracts, vol. MA2013-02, 2013, 2566-2566. 
14 Rühle, S, "Tabulated values of the Shockley–Queisser limit for single junction solar cells.". in Solar Energy, 130, 2016, 

139-147. 
15 Hanna, M, & A Nozik, "Solar conversion efficiency of photovoltaic and photoelectrolysis cells with carrier 

multiplication absorbers.". in Journal of Applied Physics, 100, 2006, 074510. 
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One of the considered materials, TiO2, is a semiconductor with a large bandgap (3.2 eV). It can be 
used as a semiconductor but can also be incorporated as a protection layer between another 
semiconductor and the electrolyte, to increase the overall stabilization.16 . The bandgap for TiO2 

brookite ranges between 3.1 and 3.4V20 and the bandgap for TiO2 anatase is 3.2 eV.17 
 
The CuxO combination usually consists of a combination of Cu2O (bandgap 2.2 eV) and CuO 

(bandgap 1.7 eV). In literature, different sources list different values for the CB and VB of both 
materials, ranging from +2.2 & +0.5 V vs SHE to +1.2 & -0.5V vs NHE for the VB and CB for CuO and 
+2.0 & -0.2 V vs SHE to +1.0 & -1.2 V vs SHE. 18 19 for Cu2O. It is therefore not easy to make predictions 
based on the CB & VB.  

 
For BiVO4 (bandgap 2.4 eV) the CB and VB values seem to differ by 0.4V in different sources, where 

its VB will be between 2.7 and 2.3 V vs SHE and it’s CB between 0.3 and -0.1 V vs SHE. 18 19 
 
Table 3 : Overview bandgaps, VB & CB for different semiconductors. The bandgap, VB and CB are found in literature. The 
bandgap was used to calculate an upper limit for both  𝑱𝐩𝐡 and the maximum potential 𝑽𝐦𝐚𝐱, where theoretically a 

maximum of 20% of the generated e/h pairs will recombine due to radiative recombination. In practice, both values will 
likely be lower.  

Semiconductor Bandgap VB vs 
NHE 
(pH=0) 

CB vs 
NHE 
(pH=0) 

 𝑗ph  (mA/cm2) 𝑉max (V) Source 

TiO2 Anatase 3.2 3.0 -0.2 1.05 2.7 17 18 19  

TiO2 Brookite 3.1-3.4 3.0 -0.2 1.33/0.60 2.61/2.87 18 19 20 

CuO 1.7 2.2/1.2 0.5/-0.5 22.4 1.32 18 19 

Cu2O 2.2 2/1 -0.3/-1.3 10.58 1.78 18 19 

BiVO4 2.4 2.7/2.3 0.3/-0.1 7.47 1.97 18 19 

CeO2 2.75-3.2 2.56 -0.44 3.47/1.05 2.29/2.7 21 

g-C3N4 2.7 2 -0.7 3.99 2.24 18 

 
 

For a Type II system, the rate of the photon to electron/hole generation is limited by the 
semiconductor with the lowest bandgap. As the electrons travel to the CB with the highest energy, this 
determines the water oxidation voltage, just as the holes will travel to the VB with the lowest energy 
for the CO2 reduction voltage.  

 
Table 4 shows an overview of the upper limits of the combinations considered in this project. It 

can be seen that the maximum overall VB-CB separation is the highest in the TiO2-CeO2 heterojunction, 
at 2.76 eV. However, this system will, at a theoretical maximum, only generate 1.85 mA/cm2 current 

 
16 A Paracchino et al., "Highly active oxide photocathode for photoelectrochemical water reduction", in Nature 

Materials, vol. 10, 2011, 456-461. 
17 P Kamat, "TiO2 Nanostructures: Recent Physical Chemistry Advances", in The Journal of Physical Chemistry C, vol. 

116, 2012, 11849-11851. 
18 M Xiao et al., "Hollow Nanostructures for Photocatalysis: Advantages and Challenges", in Advanced Materials, vol. 

31, 2018, 1801369. 
19 S Rej et al., "Well-defined Cu2O photocatalysts for solar fuels and chemicals", in Journal of Materials Chemistry A, 

vol. 9, 2021, 5915-5951. 
20  Reyes-Coronado, D, G Rodríguez-Gattorno, M Espinosa-Pesqueira, C Cab, R de Coss, & G Oskam, "Phase-pure 

TiO2nanoparticles: anatase, brookite and rutile.". in Nanotechnology, 19, 2008, 145605. 
21 E Kusmierek, "A CeO2 Semiconductor as a Photocatalytic and Photoelectrocatalytic Material for the Remediation of 

Pollutants in Industrial Wastewater: A Review", in Catalysts, vol. 10, 2020, 1435. 
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density. The system with CuxO can generate higher current densities, depending on what the exact 
bandgap of CuxO will be in the end, but this comes at the price of lower overall voltage separation. 
Another problem could be that both the electron and the hole will travel to the CuxO semiconductor 
and in that way failing to separate the charges effectively.  
 

Table 4 : Overview system range for Type II heterojunction 

Heterojunction Upper 
bound 
current 
Type II 
(mA/cm2) 

Overall 
VB 
type II 
(V vs 
SHE) 

Overall 
CB 
Type II 
(V vs 
SHE) 

Max 
overall 
VB-CB 
difference 
Type II 
(eV) 

Remark 

TiO2 Anatase-
CuxO 

22.4-
10.58 

2-2.2/ 
1-1.2 

-
0.2/0.5 

1.2/2.4 Danger of having both the 
lowest CB & VB on the CuxO 
in a Type II conformation 

CuxO-BiVO4 22.4-
10.58 

2-2.2 -
1.3/0.5 

0.9-2.1 Danger of having both the 
lowest CB & VB on the CuxO 
in a Type II conformation 

TiO2 Brookit-
CeO2 

1.85 2.56 -0.2 2.76 
 

g-C3N4-TiO2 
Anatase 

3.98 2 -0.2 2.2 
 

g-C3N4-BiVO4 7.46 2 0.1 1.9 
 

g-C3N4-CuxO 22.4-
10.58 

1-2 -
0.5/0.5 

0.5/2.5 Danger of having both the 
lowest CB & VB on the CuxO 
in a Type II conformation 

g-C3N4-TiO2 
Brookite 

3.98 2 -0.2 2.2 
 

 
In a Z-scheme mechanism, the current density could be limited by both solar cells if they are 

relatively close in bandgap, as long as the semiconductor with the largest bandgap will absorb the light 
first.  

 
It is important to find a good match between the two different semiconductors, as the 

semiconductor which absorbs the minimum amount of photons determines the overall rate. The TiO2-
CuxO combination will completely be limited by the current density generated on TiO2, as the 
generation of e/h pairs on CuxO will always be high enough to match this current density due to its 
relatively low bandgap. The current density of the BiVO4-CuxO combination, however, could be limited 
by both semiconductors, depending on the exact bandgap of the CuxO.  The overall VB-CB splitting is 
given by the highest value of the CB and VB of both systems.  Alternatively, the maximum overall 
voltage is given by the sum of both maximum voltages at 80% of the current density generation.  
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Table 5 : System range Z-scheme heterojunctions 

Heterojunction 

Max 
current 
density   
Z scheme 
(mA/cm2) 

Overall 
VB Z-
scheme 

Overall 
CB Z-
scheme 

Max overall VB-
CB difference   
Z-scheme (eV) 

Max overall 
Voltage (V) 

TiO2 Anatase-CuxO 1.05 3 0.5/-1.2 2.5-4.2 4.02-4.48 

CuxO-BiVO4 7.46-3.08 2.5 0.5/-1.2 2-3.7 3.29-3.75 

TiO2 Brookit-CeO2 0-1.05 3 -0.44 3.44 5.4-4.99 

g-C3N4-TiO2 Anatase 1.05 3 -0.7 3.7 4.94 

g-C3N4-BiVO4 3.48 2.5 -0.7 3.2 4.21 

g-C3N4-CuxO 3.98 2-2.2 -0.7 1.8-2.9 3.56-4.02 

g-C3N4-TiO2 Brookite 1.05 3 -0.7 3.7 4.94 

 
  

2.1.2. Charge separator 

No explicit charge separators are mentioned in the grant agreement. However, in literature, it has 
been seen that metal Bi shuttles can help improve charge separation on CuxO-BiVO4 Z-scheme 
heterojunctions.22 Alternatively, depletion regions or ohmic contacts could be very effective in charge 
separation when the holes from one semiconductor can recombine with the electrons from the other 
semiconductor.23 

2.1.3. CO2RR cocatalysts 

Copper is the only heterogeneous catalyst that is able to reduce CO2 to products requiring more 
than two electron transfers, as it has, as only pure metal, a negative absorption energy for *CO but a 
positive absorption energy for *H.24 

 
This can be done directly on Cu or Cu derived oxides 25 26via the following reaction:  

𝟐𝐂𝐎𝟐 + 𝟏𝟐𝐇+ + 𝟏𝟐𝐞−  ↔ 𝐂𝟐𝐇𝟒 + 𝟐𝐇𝟐𝐎,  𝐄𝟎 = 𝟎. 𝟎𝟖 𝐕 (𝐯𝐬 𝐑𝐇𝐄)  (11) 
 

but the reaction from equation 11 can also be split in two sub reactions: 27 

 
22 W Wang et al., "Z-Scheme Cu2O/Bi/BiVO4 Nanocomposite Photocatalysts: Synthesis, Characterization, and 

Application for CO2 Photoreduction", in Industrial & Engineering Chemistry Research, vol. 60, 2021, 18384-18396. 

23 Zhou, P., Yu, J. and Jaroniec, M. (2014), All-Solid-State Z-Scheme Photocatalytic Systems. Adv. Mater., 26: 4920-4935. 
https://doi.org/10.1002/adma.201400288 

24 S Nitopi et al., "Progress and Perspectives of Electrochemical CO2 Reduction on Copper in Aqueous Electrolyte", 
in Chemical Reviews, vol. 119, 2019, 7610-7672. 

25 Ren, D, N Loo, L Gong, & B Yeo, "Continuous Production of Ethylene from Carbon Dioxide and Water Using 
Intermittent Sunlight.". in ACS Sustainable Chemistry & Engineering, 5, 2017, 9191-9199. 

26 Choi, C, S Kwon, T Cheng, M Xu, P Tieu, & C Lee et al., "Highly active and stable stepped Cu surface for enhanced 
electrochemical CO2 reduction to C2H4.". in Nature Catalysis, 3, 2020, 804-812. 

27 J Gao et al., "Sequential catalysis enables enhanced C–C coupling towards multi-carbon alkenes and alcohols in 
carbon dioxide reduction: a study on bifunctional Cu/Au electrocatalysts", in Faraday Discussions, vol. 215, 2019, 282-296. 
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CO2 + 2H+ + 2e− ↔ CO + H2O, E0 = −0.10 V (vs RHE) (12) 

2CO + 8H+ + 8e− ↔ C2H4 + 2H2O,    E0 = +0.17 V (vs RHE) (13) 
 
These reactions can also take place on different physical places on the catalyst, where reaction 2 

always needs to take place on a copper derived electrode, while reaction 3 can also take place on 
another catalyst in the close proximity, for example on gold or silver, after which the CO molecules are 
released and absorbed on the copper catalyst. 27 28 

 
The CO2RR catalyst characterized by their faradaic efficiency in producing ethylene, as there also 

parasitic reactions that take place. By looking at the faradaic efficiency (FE) of a catalyst, it is 
determined what percentage of the current density is used to produce ethylene. A higher FE will always 
result in less 𝐼 according to axiom 2.  

 
However, usually in practice, this faradaic efficiency only occurs at a specific applied voltage and 

current density. Even when the applied voltage is off by 0.05V, the faradaic efficiency might already 
be reduced by 33%.28 

 
The rate determining step in CO2 to ethylene reduction is still discussed and probably depends on 

the exact reaction mechanisms. The pathway involves reduction from CO2 to CO, which consist of a 
concerted proton coupled electron transfer, which is can in some cases be the overall rate-determining 
step. The rate and selectivity of the formation of ethylene is likely determined by the CO coupling 
mechanism, which is pH independent and therefore favored in alkaline media when one uses the RHE 
scale. 29 A larger CO surface coverage on the catalyst usually results in a higher faradaic efficiency in 
the CO2 production, both as it increases the CO coupling mechanism as decreases the absorption of 
hydrogen atoms on the surface, reducing the parasitic H2 reduction mechanism.    

 
It is important to keep in mind that the local pH on the CO2RR cocatalyst might be a lot higher 

than the bulk pH, as an OH- intermediate is produced in the formation of ethylene. Ethylene formation 
on Cu2O electrodes might be favored by a low electrolyte concentration causing low buffer capacity 
and higher local pH, high local current densities which are found on rough electrodes and high CO2 
pressures.29 

 
Table 6 shows the three electrocatalysts that are considered in this proposal, the Cu2O nanowire 

with Ag nanoparticles28 seems to be the most promising with 51.5% faradaic efficiency for producing 
ethylene. However, if an voltage of -1 or -1.1V is applied, this value drops to 34.03% or 35.33% 
respectively, making its systems range relatively small. Additionally, it would require a current density 
of 35.12 mA/cm2, which would not be possible in combination with any Type II or Z-scheme 
photocatalyst in this proposal. It is not clear how the catalyst would react when the required voltage 
is applied, but the total current density is restricted.  

 
Alternatively, catalyst made of Cu2O derived Cu and Cu2O nanowires with Au nanoparticles27 are 

also considered. The Cu-Au combination seems to have a slightly wider system range, where it is able 

 
28 J Gao et al., "Selective C–C Coupling in Carbon Dioxide Electroreduction via Efficient Spillover of Intermediates As 

Supported by Operando Raman Spectroscopy", in Journal of the American Chemical Society, vol. 141, 2019, 18704-18714. 
29 R Kas et al., "Manipulating the Hydrocarbon Selectivity of Copper Nanoparticles in CO2Electroreduction by Process 

Conditions", in ChemElectroChem, vol. 2, 2014, 354-358. 
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to produce ethylene with a FE over 34% between -0.95 and -1.1V vs RHE, peaking at 38.7% at -1.05V 
vs RHE.  
 

 
Table 6 : Overview system range CO2RR electrocatalysts 

Electrocatalyst Electrolyte FE(%) Current 
density 
(mA ⋅ cm-2) 

Potential  
(V vs RHE) 

Ref 

Cu2O-derived Cu 0.1M KHCO3 33.2 25.5 -1.00 27 

Cu2O nanowires with Au 
nanoparticles  

0.1 M KHCO3 38.7 42.87 -1.05 27 

Cu2O nanowire with Ag 
nanoparticles 

0.1 M KHCO3 51.5 35.12 -1.05 28 

 

2.1.4. OER cocatalysts 

Water oxidation could theoretically take place at 1.23 V vs RHE. However, in practice, an 
additional overpotential is required to drive the reaction. Two important intermediates for the OER 
catalyst are the OH and OOH intermediates between which an unfavorable scaling exists. The 
intermediates often coordinate in an identical way to the surface of a catalyst with an energy 
difference of 3.2 ± 0.2 eV, causing a fundamental overpotential of 0.25-0.35 V.30 

 
Precious metals as Ir and Ru and their oxides (IrO2 and RuO2) are recognized as the best 

electrocatalysts for OER, due to the their low overpotentials and practical current densities. They work 
well in both alkaline and aqueous media.31 However, Ir and Ru are not common earth materials and 
can suffer from poor stability, scarcity and high costs. Nevertheless, it can be useful to compare new 
catalyst to them.   

 
Multiple earth abundant catalysts can be explored. Examples would be nano leaf-like CuOx and 

NiFeOx combinations. Overpotentials of catalysts made from earth-abundant materials typically ranges 
between 350 to 430 mV in an pH 14 electrolyte. A high pH provides the common earth catalysts with 
high stability. A standard benchmark in literature is their performance at 10 mA/cm2, which we will 
also use here. Table 7 shows the different OER catalysts. The best common earth OER catalysts now 

 
30 M Koper, "Theory of multiple proton–electron transfer reactions and its implications for electrocatalysis", 

in Chemical Science, vol. 4, 2013, 2710. 
31 V Charles et al., "Progress and challenges pertaining to the earthly-abundant electrocatalytic materials for oxygen 

evolution reaction", in Sustainable Materials and Technologies, vol. 28, 2021, e00252. 
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have an overpotential of 350 mV at 10 mA/cm2, allowing the total OER reaction take place at 1.58 V vs 
RHE.32 
 

Table 7 : Overview system range for OER catalysts 

Catalyst Overpotential (mV) 
at 10 mA/cm2 

Remark Source 

IrOx 325 Precious metal 32 

NiFeOx 350  32 

CoFeOx 375  32 

CuOx 520 Nano leaf-shape 33 

 

2.2. Total system range 

The CO2RR catalysts that are considered all have their peak ethylene production at either -1.00 or 
-1.05 V vs RHE. Additionally, the OER catalyst likely needs an potential of at least 1.55 V vs RHE to 
achieve water splitting, making the minimum requirement for the potential difference between the 
catalysts at least 2.6 eV. The potential difference should likely to be even higher between the 
semiconductors, as some potential energy is also needed to ensure the electrons and holes arrive at 
their designated catalysts and some potential might be lost due to the H+ ions traveling in the medium.  

 
Table 4 shows only the TiO2-CeO2 heterojunction overcomes this limit with an overall split of 2.76 

eV, making the theoretically upper limit on ethylene production equal to 1.88 mA/cm2 or 5.84 
μmol/cm2/h. If we take the 70% photon to separated e/h pairs and the 51.5% faradaic efficiency into 
account, we would arrive at an upper limit of 2.11 μmol/cm2/h or and STE efficiency of 0.8%. However, 
it would be very challenging to achieve this, as the additional potential drop due to additional charge 
separation to the catalysts to prevent backreactions and radiative recombination should be less than 
0.16 eV.   

 
Table 5 shows that all combination without CuxO have an overall CB-VB split of more than 3 eV, 

making it certainly possible to achieve the overall reaction as long as the right catalysts are used. As 
long as the CuxO catalysts has a high enough conduction band, it should also be possible to make a 
good Z-scheme heterojunction to facilitate the overall ethylene reaction. If we assume that the current 
density on the BiVO4  catalyst is limiting at the theoretical maximum of 7.46 mA/cm2 and the same 70% 
photon to separated e/h pairs and 51.5% ethylene faradaic efficiency apply, a rate of ethylene 
production of 8.36 μmol/cm2/h or and STE efficiency of 3.1% could theoretically be achieved.  

3. Conclusion  

 
32 C McCrory et al., "Benchmarking Heterogeneous Electrocatalysts for the Oxygen Evolution Reaction", in Journal of 

the American Chemical Society, vol. 135, 2013, 16977-16987. 
33 K Joya & H de Groot, "Controlled Surface-Assembly of Nanoscale Leaf-Type Cu-Oxide Electrocatalyst for High Activity 

Water Oxidation", in ACS Catalysis, vol. 6, 2016, 1768-1771. 



 

26 
 

While it is certainly possible to design a heterojunction in order to achieve the overall CO2 to 
ethylene reduction using solar light, there are still some challenges ahead. With the catalysts currently 
proposed for CO2 reduction, it will be very hard to optimize any of combinations in a type II 
heterojunction, as at least a potential difference of 2.6 eV is needed between both catalysts. Even if 
this would only require an additional 0.16 eV potential difference between the heterojunction and the 
catalyst to prevent backreactions and additional radiative recombination, as when a TiO2/CeO2 
heterojunction would be used, this would limit the overall system to 1.88 mA/cm2. If 70% of the 
photons are successfully used to create separated electron/hole pairs, or 2.11 μmol/cm2/h ethylene, 
a solar to ethylene efficiency of 0.8% .  

 
Z-Scheme heterojunctions allow more room for optimization and also show higher possible 

current densities, up to 7.46 mA/cm2 if CuxO/BiVO4 is considered, with many combination showing an 
overall split higher far higher 3 eV. Assuming that in the CuxO-BiVO4 combination the current density 
will be limited by the BiVO4 bandgap, it should be possible to produce ethylene at a rate of 8.36 
μmol/cm2/h or and STE efficiency of 3.1%, if it is assumed that 70% of the photons are successfully 
converted into separated e/h pairs and the faradaic efficiency of the CO2RR cocatalyst is 51.5%.   

However, this is only possible if the material with the lager bandgap can absorb the solar light 
before the material with the lower bandgap is, raising the need to orientate the photocatalyst in 
solution. When this is not done, the Z-scheme will lose a lot of current, as there are no electrons 
generated on the largest semiconductor that can recombine with the holes generated by the smallest 
semiconductor. This causes the water oxidation reaction to stop completely, as there are no holes 
available on the largest semiconductor and cause high recombination rates on the smallest 
semiconductor as the electron/hole pairs are not separated anymore.  

 
Additionally, the best CO2RR catalyst, the combination of Ag nanoparticles on Cu2O nanowires 

allow for a very specific design range, as the applied overpotential on the cocatalyst needs to be exactly 
at -1.05V vs RHE to achieve its peak faradaic efficiency of ethylene production. At -1.00 or -1.10 V vs 
RHE, it already loses 34% of its performance. As no outside voltage control is included, it could prove 
to be very difficult to use these cocatalyst to their full potential. Additionally, it is not clear how the 
catalysts would respond when the supplied current density is limited.  
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