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1. Introduction

An essential requirement for a variable solar energy system is its storage.  On a global scale, the most viable method will be the production and storage of hydrogen gas.  Part 2 and Part 3 of the World Solar Guide discussed the traditional method of hydrogen production, electrolysis of water.  As shown in Part 4, it is essential that both the traditional and alternative methods of hydrogen production utilize earth-abundant materials for the necessary global installation of these systems.

In its most environmentally friendly form, “green hydrogen” is generated from the electrolysis (EL) of water, powered by solar energy, for example photovoltaic (PV).  This method is an indirect form of hydrogen production, as solar radiation first generates power which then powers electrolysis through electrochemical reactions, PV-EL.  Electrolysis, itself, does not involve photon interactions within the cells.

Other forms of hydrogen generation have also been investigated [1] in which solar photons directly interact with water, semiconductor nano-particles, co-catalysts, and sacrificial agents to split water molecules into H2 and O2 gases.  These processes include photoelectrochemical, photocatalytic, thermal, and others which will be described here in Part 5. 
 
2. A Review of World Solar Guide Part 2 and Part 3: Photovoltaic-Electrolysis 

Part 2 of the World Solar Guide presented an extensive analysis of hydrogen storage models for power provided by solar photovoltaic panels on local, regional, and world scales.  In Part 3 of this guide, electrochemical processes are discussed in some detail.

3. Photosynthesis: A Model for Hydrogen Production

The overall reaction for natural photosynthesis [2] is:

                         hν
6CO2 + 6H2O  C6H12O6 + 6O2 + 6H2O 
                            chlorophyll

Water splitting is a four-photon process:

        4hν
2H2O  O2 + 4H+ + 4e-
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The photosynthetic process is illustrated schematically in Figure 1.  Water and CO2 are absorbed showing the importance of plants in absorbing excess CO2 from fossil fuels.  Photosynthesis also emits oxygen gas and other products such as sucrose.

[image: Aggregate 145+ draw the process of photosynthesis super hot - seven.edu.vn]


              Figure 1.  Image from www.seven.edu.vn/draw-the-process-of-photosynthesis/2023 
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A two-photon mechanism for water splitting which reduces the complexity of the reactions has been discussed [3].  The two absorbed photons occur in the 320-400 nm and 455-630 nm of the spectrum.  Absorption of the shorter-wavelength photon produces an intermediate capable of absorbing the second longer-wavelength photon which directly induces O-O bond formation, enabling subsequent O2 and H2 release.   

                             [image: ]

                    Figure 2.  Two-photon hydrogen production.  Image from J. Schneidewind [3]
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4. Alternative Methods Solar-Hydrogen production

Parts 1, 2, and 3 of the World Solar Guide considered PV-EL-FC systems of solar-powered hydrogen production, storage, and utilization.  A description of the alternative means of hydrogen production has been given [1] which are illustrated in the cover page of Part 5.  
Brief descriptions of these methods follow here.
  
4.1 Photoelectrochemical (PEC)

4.1.1 Classical PEC Cells

This section considers conventional means of producing hydrogen by the PEC method; several experimental examples are included.  Section 4.1.2 will then discuss the benefits of Density Functional Theory, a variation of quantum mechanics, when applied to PEC cells.

A wired PEC cell consists of either an n-type semiconductor-based photoanode for OER or a 
p-type semiconductor-based photocathode for HER and the counter electrode for the other half-reaction.  Coupling a photoanode and photocathode into a PEC system to construct a tandem cell has a potential of reducing the applied bias or even eliminating it to achieve spontaneous PEC water splitting.  A detailed presentation of the principles relating to PEC cells is beyond the scope of this guide, but a few points concerning the continued development of these systems, particularly the pursuit of earth-abundant electrode materials in these cells, will be included.  A review of PEC principles and developments has been written [4].   Among the necessary characteristics of effective PECS are:

1. Harvesting of the solar spectrum with knowledge of semiconductor band gaps
2. Reduction of overpotentials with OER and HER catalysts as discussed in Part 3
3. Utilization of charge carriers (DFT also useful as shown in Section 4.1.2)
4. Long-term stability
5. Low cost           

It should also be emphasized that earth-abundant materials will be required for hydrogen production at global-installation levels with powers on the 100 TW scale.
 
An image of a  tandem PECcell  is shown in Figure 3.
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                [image: Figure 1. Simplified illustration of the PEC/PEC tandem cell configuration.]

                                                Figure 3.  PEC/PEC tandem cell.  Image [4]
                                                                                                                                             
In the tandem arrangement, the full solar irradiance spectrum in incident at the photoanode where oxygen is produced with the ideal semiconductor band gap of approximately 1.8 eV.  At the photocathode, longer wavelengths incident on the semiconductor with a band gap of about 1.2 eV.


                    
                     
 
                 




  









                                                                                                                                                8
Knowledge of semiconductor properties in relation to the solar photonic spectrum in PEC cells is essential.  Energy band gaps between the valence and conduction bands in several critical and earth-abundant semiconductors currently used in these cells are shown in Figure 4.  The Fermi energy level, EF, is shown at the zero-energy level, and the energy required for water splitting, 1.23 eV, is also shown.  The contribution of Density Functional Theory (DFT) in increasing the photocurrent density and hydrogen production of some of these PEC semiconductors is given in Section 4.1.2.

                                    [image: The bandgap and band position of some semiconductors investigated for... |  Download Scientific Diagram]

                           Figure 4. Semiconductor energy band gaps.  Image from [5].   

Photons with energies less than the semiconductor bandgap pass through the material without being absorbed [4].  Photons with energies larger than the bandgap are absorbed and dissipate their energies through phonon emission.  To minimize these losses, multi-junctions have been used.  Here, a large bandgap semiconductor absorbs high-energy (blue) photons with a small bandgap semiconductor absorbing low-energy (red) photons.
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Several efficiency measurements have been applied to PEC cells [6].  The solar-to-hydrogen conversion efficiency is given by:

STH = Total power generated = (ΔG)rg
             Total power input           Psolar S

where ΔG = Gibbs free energy (237 kJ-mol-1)
            rg   = gas (oxygen or hydrogen) production rate, (mol-s-1)
            Psolar = solar irradiance at the earth’s surface, (100 mW-cm-2 = 1,000 W-m-2) 
            S = illuminated area of the electrode (cm2 or m2)
                                                                                                                                                     
The applied bias photon-to-current efficiency is used when an external bias is applied.  This voltage is subtracted, giving:

ABPE = Pout – Pin = Jph (Vredox – Vbias)
                  Psolar                Psolar

where Jph = generated photocurrent density (mA-cm-2 or A-cm-2)
          Vredox = redox potential for water splitting (1.23 V vs. NHE, reference electrode)
           Vbias = potential difference between the working electrode and counter electrode
                      (not the bias relative to the reference electrode) 

The Faradaic efficiency determines that the generated photocurrent is due to water splitting and not a photo-corrosion of the electrodes or other side reactions.  It is defined as:

FE = Experimental gas (oxygen or hydrogen) evolution 
            Theoretical gas evolution

     = Measured oxygen or hydrogen gas evolution
             Gas evolution based on photocurrent

     = Measured oxygen or hydrogen gas evolution
                                  JphotoSt
                               [(4 or 2)qNA]

where: the unit of gas evolution is moles 
            numbers (4 or 2) refer to electron charges of oxygen or hydrogen evolution
            t = time
            q = unit of electron charge, 1.602x10-19 Coulombs       
           NA = Avogadro’s number, 6.02x1023mol-1
            F = qNA = Faraday’s constant = 96,485 Coulombs-mol-1
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The incident-photon-to-current-efficiency, IPCE, or external quantum efficiency, EQE, for a monochromatic source is given by the relation,

IPCE(λ) = EQE(λ) = Total power density of converted electrons = [Jphoto(λ)/q][hc/λ]
                                  Total power density of incident photons                   P(λ)     

When calculating the IPCE(λ), optical losses due to reflection (R) and transmission (T) of the solar irradiance are neglected, where the incident radiation is I = R + A + T.  To correct for these losses, the absorbed (A) photon-to-current conversion efficiency is used to determine the monochromatic quantum efficiency which is given as:

APCE(λ) = IPCE(λ) = IPCE(λ)       
                      A(λ)       [I – R – T](λ)

It is generally considered that an unassisted PEC STH efficiency of 10% is a base line for hydrogen production at a commercial level.  A linear relationship between STH and hydrogen production is seen for critical materials in Figure 6.  However, as shown in Figure 7 for earth-abundant materials, these production rates are only weakly related to their STH efficiencies. 

Electrochemical reactions are discussed in Part 3 and will be summarized here.  The electrolysis of water involves two reactions.  At the anode, the oxygen evolution reaction, (OER) occurs, while at the cathode, the hydrogen evolution reaction takes place as seen here:

The overall reaction for the electrolysis of water is:

2H2O  O2 + 2H2 

and the reactions at the photo-anode and photo-cathode for alkaline and acid electrolytes for the oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) are:

                                                           Photo-anode/OER                 Photo-cathode/HER

Alkaline (OH- mobile ion)               4OH- + O2  2H2O + 4e-           2H+ + 2e-  H2                       

Acid (H+ mobile ion)                       2H2O +O2  4H+ + 4e-              2H+ + 2e-  H2
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Table 1 shows some of the materials which have been utilized to address the problems of low efficiency and low stability in PEC cells.  Critical and earth-abundant elements are considered in wired and unassisted/tandem configurations.

Table 1.  Materials and properties of PEC cells. 
	
	Photoanode
OER
	Electrolyte
	Photocathode
HER
	Efficiencies
ABPE*
IPCE**
STH***
(%)
	Scaled hydrogen production
(tonnes
day-km2)
Ave+/-SD
	Ref.

	PEC
Models
	
	
	
	
	22
13
19
Ave. +/- S.D. 
  18 +/- 5
	[7]
[8]
[9]

	Series 1
Wired
PEC
Critical
Materials
	Pt (CE)
(CE)
(CE)
	0.5M H2SO4
0.5M Na2SO4
NA
	InGaN/GaN, wire      (I)
Sb2Se3/CdSTiO2/Pt  ( I)
CIS/AZO/TiO2          (I)
	3.3**, -0.9V
33**
NA
	27
29
21
Ave. +/- S.D.
    26+/-4
	[10]
[11] 
[12]

	Series 2
Wired
PEC
Earth
Abundant
Materials
	(CE)
TiO2                              (I)
CuO-Cu(OH)2             (I)
CoNiFe-LDH/Ta3N5    (I)
α-Fe2O3/BiVO4/MoS2  (I)
Carbon (CE)
	Neutral water
Alkaline
Alkaline
1 M NaOH/glycerol
NA
0.5M Na2SO4
	p-Si NW                   ( I )
Pt (CE)
Cu2O                          (I)
Pt (CE)
Pt(CE)
C60/SnS/CIS/FTO      (I)
	1.1*
NA
NA
0.56*
NA
NA
	6.0
5.3 (calc.)
20
7.2
2.8  
2.5
Ave. +/- S.D.
  7.3+/-6.5
	[13]
[14]
[15]
[16]
[17]
[18]

	Series 3
Wireless
Tandem
PEC
Critical
Materials

	InGaP/GaAs                 (I)
GaInP/GaAs/Ge//IrO2  (I)
GaAs/InGaP/TiO2        (I)
Au/CdSe dumbbell      (I)
IrOx (CE)
CoOx/BiVO4                        (I)
Pt (CE)
Mo:BiVO4                   (I)
BiVO4/WO3 ITO/Pt    (1)
	0.5 M KOH
0.1 M HClO4
1M KOH
NA
0.5 M H2SO4
Na2HPO4/KH2P4
0.5M Na2SO4
0.2M BK3O3
0.5 M Na2 SO4
	Pt(CE)
TiO2Pt                       (I)
NiMo coated (CE)    (I)
(CE)
p-InGaN/Pt  NW       (I)
Ru/(CuGa)0.8Zn0.4S2   (I)
InGaN/Pt NW           (I)
Cu2O/Ga2O3RuO2     (I)
Dye/TiO2                   (I)
	6
13
10
NA
10.3
2**, 0.03***
3.4
2.4
7.1
	16
21
16
5.4
19
0.025
6
5.8
13
Ave. +/- S.D.
  11+/-7
	[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]

	Series 4
Wireless
Tandem
PEC
Earth
Abundant
Materials
***

	BiVO4                          (I)
n-Si/Ni NPsact               (I)
Co-Pi/BiVO4                (I)               
PSC/NiFeMo-NF         (I)
c-Si, protect., cat.         (I)  
DSPEC/OSC                (I)
Triple Si,Bi-NiFEMO  (I)
FeNi(OH)x                         (I)
CdS/ZnS/TiO2                      (I)
Pt(CE)
Pt(CE)

	Na2HPO4/NaH2PO4
1.0 M NaOH 
1.0M KOH
1.0 M KOH
0.5M KBi/K2SO4
0.1M acetate
1.0 M KOH
1.0 M KOH
0.35M Na2SO3
0.5 M Na2SO4          
Acidic buffer pH= 3
	Cu3BiS3                                  (I)
p-Si/Ti/Ni                   (I)
CH3NH3PbI3 PSC       (I)       
PSC/NiFeMo-NP       (I)
NiMoZn                     (I)
Pt (CE)
Triple Si Bi-NiFeMo (I)
FAMACsPbIBr          (I)
CdS/MoS2/TiO2         (I)
Bi2O3/Bi24Al2Ox        (I)
MoSx-CDS/CZTS      (I)
	2.0
1.5
3  
13.8
10
1.5
5
8.5
0.45
0.3 
3
	0.58
0.90
7.5 
5.1
2.2
1.3
20
43
0.55
42
6.6
Ave. +/- S.D.
  12+/-16
	[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[39]


*ABPE = Applied-bias-to-photon efficiency, wired cells
**IPCE = Incident-photon-conversion efficiency, wired and tandem cells
***STH = Solar-to-hydrogen efficiency, tandem cells
FE = Faradaic efficiency, usually approaches 100%
NW = Nano wire
(I) = Illuminated electrode, typically one artificial sun
(CE) = Unspecified counter electrode, typically platinum
1 day = 6 hours, assuming a capacity factor of 25%
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The data in Table 1 are not a complete catalog of research results but are considered as representative of recent activities.  These PEC hydrogen-production data are summarized with averages and standard deviations in Table 2.

Table 2. Calculations of scaled hydrogen production (tonnes-day-1-km-2) and STH efficiency.
	
	           Wired/Assisted
	        Wireless/Unassisted

	Critical Materials

	H2 Production   25.7 +/- 4.2
	H2 Production   11.2 +/- 7.7
STH                    6.4 +/- 4.8

	Earth-Abundant Materials

	H2 Production    7.3 +/- 6.5
	H2 Production   11.8 +/- 15.4
STH                    4.7 +/-  4.3



From Table 2, some of the hydrogen production amounts and STH values are not statistically different.  However, a few trends emerge.  It is seen that the hydrogen production levels for earth-abundant materials by unassisted PEC methods are nearly the same as those found for scare materials.  The level of these earth-abundant materials and unassisted PEC cells, 11.8 tonnes-day-1-km-2, is about one-half that of the PV-EL-FC Model systems discussed in Part 2 of the World Solar Guide of 21 tonnes-day-1-km-2.  It should be noted that these models which produced hydrogen (10% of total energy) also included the utilization of hydrogen by fuel cells to produce power for electric grids (90% of total energy).  

To be comparable with PV-EL-FC models, PEC systems producing grid power with associated fuel cells exhibiting 50% efficiency should have approximately four times the hydrogen-production capacity or four times the geometrical area, with the latter option much less favorable.  Nevertheless, these PEC research results are very encouraging and likely will be improved over the next few decades, probably after the “net-zero emissions” transition period tentatively ending in 2050.  It is also emphasized that scaling these laboratory research results measured in cm2 to commercial levels of km2 (a factor of 1010) will also be a daunting task.
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The Series 3 and Series 4 data in Table 1 have been plotted in Figures 5 and 6 in terms of scaled hydrogen production rates and STH efficiencies.  



  Figure 5.  Scaled hydrogen production (tonnes-day-1-km2) vs. STH efficiency (%) for 
  unassisted PEC cells with critical materials, Series 3, (R2 = 0.9152) from Table 1.        


  Figure 6.  Scaled hydrogen production (tonnes-day-1-km-2) vs. STH efficiency (%) for 
  unassisted PEC cells with earth-abundant materials, Series 4, (R2 = 0.002951) from Table 1.   

These data may be compared with the World Solar Guide, Part 2, PV-EL-FC World Model hydrogen production values of 21 tonnes-day-1-km-2 and an efficiency of 21%. 
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From data [27], a relationship between scaled hydrogen production (tonnes-day-1-km-2) and the photo-current density (mA-cm-2) of the tandem PEC cell can be developed.  Faraday’s Law as given in the Part 3 Appendix,

m = ItM
        nF

can be written as

m = J M
t-A    nF 

where the photo-current density is J = I/A.

Experimental data [27 Shi] gave a hydrogen production rate of 200 μmol-cm-2 over a 2-hour period at a photo-current density of 5.75 mA-cm-2.  It is apparent that the Faradaic efficiency here is 100%, a common result with similar processes.  Using conversion factors given in the Appendix of Part 5, the scaled hydrogen production is 12.9 tonnes-day-1-km-2.  These data can be expanded to form the linear relationship shown in Figure 7.  The projected PEC results are comparable to the solar PV-EL hydrogen production levels of Part 2 required for large-scale hydrogen production.  It is emphasized that scaling laboratory experiments with sample sizes of a few cm2 to commercial dimensions of km2 (a factor of 1010) will be a difficult process.


  Figure 7. Scaled hydrogen production as a function of PEC photo-current density.

From WSG, Part 2, Table 14.7, the daily world PV-EL production of hydrogen is calculated to be 34.35 MT-day-1 as powered by PV2 and PV3 with a total panel area of 1.60 x 106 km2 which can be converted to 21 Tonnes-day-1-km-2.
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Properties of PEC devices are compared in Table 3.

Table 3.  A comparison of PEC device properties based on critical elements and earth-abundant  
                 elements. 
	
	Availability
WSG
Part 4
	Efficiency
STH conversion
	Stability
(durability)
	Scalability to
net-zero and TW energy levels
	Hydrogen Cost

	Critical
Elements

	
	Higher, 10-20%
	Requires 
continued
improvements
	Unviable

	Uncompetitive
PEC > PV-EL

	Earth-
abundant
elements
	
	Lower, 1-10%
	Less stable
than
rare-earths
	Viable
	Uncompetitive
PEC>PV-EL





From Table 3, the following results appear:

1. The scarcity of critical elements will prevent the scaling of PEC cells to global levels. 
2. The efficiency PEC cells must be increased.
3. The durability of PEC cells must be improved.
4. The cost of PEC cells is greater than that of PV-EL cells.
5. The costs of PEC cells and PV-EL cells to produce hydrogen are currently uncompetitive.
6. These costs are expected to decrease to competitive levels. 
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4.1.2 PECs and DFT

Density Functional Theory (DFT), described in Part 3, has been utilized in the improvement of PEC cells with earth-abundant materials for the purpose of water electrolysis.  A summary of a few studies is given in Table 4. 


Table 4. DFT results for PEC cells.
	Material
	Anode
reactions
	Cathode
reactions
	Major PEC results from DFT calculations and
Experimentation
	Ref.

	Perovskites
	OER
	
	Density of states calculated for SrTiO3
	[39]

	Perovskites
	OER
	
	Dopants Fe, Co, Cr, Al increased catalytic activities
	[40]

	MQD/BiVO4
	OER
	
	Photocurrent density 5.85 mA-cm2 and stability
	[41]

	Se/BiOV4
	OER
	
	Heterojunction increased photoconductivity to 2.2 mA-cm2
	[42]

	GQD/TiO2
	OER
	
	Hydrogen production rate 31,063 μmol-g-1-h-1 (5x TiO2)
	[43]

	CoO3/TiO2
	OER
	
	Photocurrent density 2.5 mA-cm-2 (2x untreated samples)
	[44]

	NdFeO3
	
	HER
	Photocurrent density 2.5 mA-cm-2 (10x undoped samples)
	[45]

	3C-SiC
	
	HER
	Heyrovsky H2 generation step is rate-determining
	[46]

	
	
	
	Summary
DFT calculations and experimentation improved the fundamental knowledge of OER and HER catalytic activities in these PEC earth-abundant materials.  In addition, photocurrents and hydrogen production were increased by factors of 2-10.  The PEC method of hydrogen production with these and other earth-abundant materials will become feasible and comparable to the PV-EL method.
	



The experimental and DFT studies in Table 4 are shown further in the following pages.
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	Perovskites have unique features such as compositional and structural flexibility, allowing them to achieve sunlight absorption, control of electrocatalytic and redox activity, tune-able band gaps, and band edges, and earth abundance.  However, they contain a large family of metal oxides, making experimentation of novel oxides costly and time-consuming.  DTF can determine structural, electronic, optical, surface, and thermal properties.  Specific exchange-correlation (XC) functionals were recommended.  Density of states were calculated for SrTiO3.  Figure 8.                                                                                     
	[39]





                                    [image: Details are in the caption following the image]                                   
                         Figure 8.  Density of states for SrTiO3.  Image from [39]
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	The intrinsic contribution of d-orbital states to the OER in perovskites was investigated.  Previously overlooked constraints were considered: (1) difference in electronic conduction behavior metallic and insulating catalysts and (2) the strong crystallographic surface-orientation dependence of the catalysts in the crystal.  It was determined that the dopants, Fe, Co, Cr, and Al were beneficial to enhance the catalysis in LaNiO3 although their perovskite counterparts, LaFeO3, LaCrO3, and LaAlO3 with large bandgaps were inactive.  In addition, the semiconducting LaCoO3 was found to have an activity one order of magnitude higher than that of LaNiO3. This work showed the importance of near-Fermi-level-d-orbital states on OER catalysis in these perovskites.  Figure 9. 
	[40]
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[image: figure 1]
                                                       Figure 9.  Image from [40]
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	For the development of semiconductor photoanodes, MXene quantum dots were grafted on a BiVO4 substrate and then on to a MoOx layer.  This array achieved a current density of 5.85 mA-cm-2 and enhanced photo-stability.  From electrochemical analysis and DFT, this performance is attributed to the structure as hole-transfer layers, retarding charge recombination, promoting hole transfer and accelerating electrolysis kinetics.  Figure 10.
	[41]





                  [image: Description unavailable]
 
                                                   Figure 10.  Image from [41]
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	Experimental and DFT studies of the Se-BiVO4 heterojunction were made.  Simulations of BiVO4   electronic properties show that its VBM and CBM are comprised of O 2p and V 3d orbitals respectively.  The Se/BiVO4 heterojunction boosted the photocurrent density from 0.7 to 2.2 mA-cm-2 
at 1.3 V vs. SCE.  Impedance and Mott-Schottky showed favorable charge-transfer characteristics.  Spectroscopic, photoelectrochemical and DFT show that Se makes a direct Z-scheme (band alignment) with BiVO4 where the photoexcited electron of BiVO4 recombines with the VB of Se, giving electron-hole separation at Se and BiVO4 respectively, resulting in enhanced photocurrent.
Figure 11.
	[42]





               

                      [image: Abstract Image]
                                                     Figure 11.  Image from Nasir [42]


	Graphene quantum dots on TiO2 rutile (011) were produced as photoanodes in a PEC cell for hydrogen production.  DTF and experimental results confirmed the extension of optical absorption into the visible range and frequent charge transfer from the GQDs to the TiO2 rutile (011) surface facilitating electron-hole separation and reducing the charge-recombination rate.  The hydrogen production rate was 31,063 μmol-g-1-h-1 which was nearly five times the rate over the pristine TiO2 rutile (011) surface.  Image not available.
	[43]
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	A strategy for constructing oxygen vacancies on the Co3O4 co-catalyst for TiO2 photoanodes in PEC in water electrolysis was developed.  DFT calculations were performed with the VASP package.  A photocurrent density of 2.5 mA-cm-2 was achieved which was twice the level of untreated samples.  It was found that the oxygen vacancy formation on Co3O3 not only facilitated hole trapping for promoting interfacial charge separation and migration, but also provided more active sites for water oxidation.  This activation of the OER cocatalyst may become a universal strategy.  Figure 12.
	[44]






[image: A) Calculated density of states (DOS) for Co 3 O 4 and V OCo 3 O 4 ;... |  Download Scientific Diagram]
                               Figure 12.  Image from [44]
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	NdFeO3 photocathodes in a tandem PEC cell were developed.  These electrodes showed photocurrents for both HER and ORR.  Doping with Mg2+ and Zn2+ was observed to significantly enhance the photoelectrochemical performance leading to an increase in photocurrent and hydrogen production by factors of 4-5.  The beneficial effect of doping was attributed primarily to an increase in the density and change in nature of the majority charge carriers.  DFT calculations illustrated the importance of nano-structuring and doping.  Future efforts should be directed towards limiting surface recombination.  Figure 13.         
	[45]





                [image: ]

                                                       Figure 13.Image from[45]

	DTF was used to produce models of photoelectrochemical reactions of hydrogen evolution (HER) on the cubic silicon carbide (3C-SiC) (110) semiconductor surface. It was shown that a Heyrovsky H2 generation step is rate-determining.  The reaction free-energy barrier of this step is influenced by the surface charge density that is controlled by illumination and applied bias.  The computed photon wavelengths required to overcome the Heyrovsky-step barrier occur in the visible range of the spectrum, establishing the feasibility of HER reactions on the SiC(110) surface.  Figure 14.
	[46]




           [image: Abstract Image]
               Figure 14.                              Image from [46]                                                                                                                                                      
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4.1.3. Near-Infrared (NIR) PEC Cells

The energy composition of solar photons is given in Table 4. 


Table 4. Energy of the solar spectrum regions.
	                                               UV       λ < 400 nm,                    6.8%
                                               Visible λ = 400-700 nm,           38.0%
                                               NIR     λ = 700 – 3,000 nm,      54.3% 




A spectrum of the solar irradiance reaching the earth’s surface is shown in Figure 15.

                                            [image: UW-Madison Satellite Meteorology: Lesson 2 Foundations]

                            Figure 15. The solar spectrum.   Image from UW-Madison

With most of the solar spectral energy in the range of 700-3,000 nm, the NIR region remains a less-developed source of PEC power than the visible portion.  To match this NIR range, the semiconductor energy gaps should be within the range of 0.41-1.77 eV.  A summary of experimental data showing hydrogen-production levels for two studies is given in Table 5. 

Table 5. Data for NIR-PEC experiments.
	Anode
	Electrolyte
	Cathode
	Eg
(eV)
	J
(mA-cm-2)
	STH
(%)
	IPCE
(%_
	Lab scale
H2 prod.
	Comml. Scale
H2 prod.
	Ref.

	BST-MH
BiSeTe
Heterostructure
	0.08mol-L-1  Na2S
0.50mol-L-1  Na2SO3
pH = 12.9
	NA
	0.15
0.35
1.00
	3.5
	NA
	36
	225 μmol
5h-cm2
	5.4 tonnes
day-km2
	[47]

	Be2Se3/TiO2
	0.10 M Na2SO3
and Na2S
pH = 12.6
	NA
	TiO2
  3.13
Be2Se3
  1.58
	1.76
	1.0
	10.5
	250 μmol
2hr-0.5 cm2
	30 tonnes
day-km2

	[48]



The hydrogen production rates for these NIR-PEC studies are comparable to the visible-PEC results and to the PV-EL production levels shown in Part 2 of this Guide.
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4.2. Photocatalytic (PC): “Artificial Photosynthesis”

PC water splitting is a process that utilizes direct solar radiation and nano-particulate semiconductors to split water into H2 and O2 according to the reaction,
                hν
        H2O  H2 + ½ O2

The photocatalytic method requires semiconductor nano-particles with deposited amounts of co-catalysts, often the PGM, suspended in water which may contain a sacrificial agent such as triethanolamine.  Typical concentrations of these co-catalysts are in the range of 1 mg to 10 mg per 100 ml of solution.  The thickness of these cells is commonly in the range of 1-10 cm.  With these concentrations and cell dimensions, the amount of co-catalyst required for the global production of hydrogen over a cell area of 1.5 x 106 km2 can be calculated, assuming linear scaling, as shown in Table 6. 

Table 6.  Required co-catalyst for global hydrogen production.
	
	Concentration = 1 mg/100 ml
	Concentration = 10 mg/100 ml

	Cell thickness = 1 cm.
	PGM = 1.5 x 105 tonnes
	PGM = 1.5 x 106 tonnes

	Cell thickness = 10 cm.
	PGM = 1.5 x 106 tonnes
	PGM = 1.5 x 107 tonnes



As the total world reserves for all the PGM is only 70,000 tonnes, these elements would be restricted to much smaller areas such as hydrogen fueling stations.  As an example, consider a fueling station in which hydrogen is produced by the photocatalytic (PC) method with the following parameters in Table 7.

Table 7.  Hydrogen production by photocatalysis.
	
Hydrogen production rate:                 1,000 kg-day-1-km-2 (1.0 tonne-day-1-km-2)
PC cell area:                                       1 km2
Cell thickness:                                    1 cm
Co-catalyst concentration:                 1 mg-100 ml-1
Amount of hydrogen production:      1,000 kg
Amount of Pt co-catalyst:                  100 kg
Price of Pt co-catalyst:                       $30-gm-1
Station cost of Pt co-catalyst              $3M
Hydrogen per vehicle:                        5 kg, range = 500 km or 300 mi
Number of vehicles per day:              200
Current hydrogen cost per vehicle:    $25-$75 (at $5-$15 kg-1)
Projected hydrogen cost per vehicle: $5 (at $1 kg-1) 



This example gives model parameters for the minimum co-catalyst loading in Table 1 xxxxxx.  Higher concentrations or cell thicknesses would increase the example values by one-to-two orders of magnitude.  In some PC cells, catalyst sheets or crystal facets are utilized.  For these cells, the amount of co-catalyst per unit area can be determined.  Typical catalyst loadings are within the range of about 0.1 to 1 mg-cm-2, resulting in similar requirements for catalysts.                                                     
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Scaled hydrogen production rates for the PV-EL, PEC, and PC methods are compared in Table 8.

                                      Table 8. Hydrogen production rates of PV-EL, PEC, and PC methods.
                      
	
	Photovoltaic-Electrolyzer

PV-EL
(Tonnes-day -1-km-2) 
	Photelectrochemical

PEC
(Tonnes-day-1km-2)
	Photocatalytic

PC
(Tonnes-day-1-km-2)
1 day = 6 hr

	Model calculations


	Part 2 WSG                21
Shaner [9]                   13
Grimm [10]                19 
James []                      22   
  Capacity factors included             
 Ave. +/- S.D.   18.8 +/- 4.0              
	See Table 1
	24-hr day                 23        [49]
6-hr day                     6
10% STH efficiency
hydrogen production


	Critical materials


	Parts 2,5 (WSG)
PEMEL-PGM

	See Table 1
	Hisatomi                             [50]
  (GaZn)(NO)            0.19
   350 nm 

Lin                                      [51]
   500 nm                     1.2                               
   assuume 10 cm2

Bai                                      [52]
  Pd,Ir             0.040-0.0.30
  >420 nm        

Lyu                                      [53]
SrTiO3:Al                 0.60
   U

 Qi                                       [54]
  BiVO4 420nm          0.90

Wang Q                           [55]
  BiVO4                      2.1

Wang Q                       [56]
                                 2.4
Ave. +/- S.D. 0.97 +/- 0.88

	Earth-abundant materials


	Parts 2,5 (WSG)
Current
ALKEL Ni-based
AEMEL-Transition metals
	See Table 1
	Nishi                 0.10            [57]      
    Al-SrTiO2

Xu                     0.33            [58] 

Ave. +/- S.D. 0.22 +/- O.16 

	
	1 day = 6 hours
for WSG models
capacity factor = 25% 
	See Table 1
	d=day
H=Hydrogen
A= sacrificial agent
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4.3 Photothermal-Catalytic (PTC)

The PTC reaction is based on plasmonic metal nanostructures and/or semiconductor catalysts.  Due to the simultaneous utilization of both the thermal and photon characteristics of solar radiation, PTC catalysis is attractive for steam and dry reforming of methane as well as water-gas shift reactions.

4.4 Photobiological (PB)

The PB hydrogen production uses solar radiation to produce H2 from biomass such as glycogen and starch in two categories.  Bio-photolysis uses a green-algae-based photosynthesis system for directly splitting water into H2 and O2.  In addition, hydrogen can be produced by an indirect route, starting with the production of carbohydrates and O2 from water and CO2 by photosynthesis, followed by the fermentation of carbohydrates to produce CO2 and H2.  

4.5. Solar Thermal-Chemical (STC)

STC water splitting technology transforms concentrated solar energy into thermal energy to split water into H2 and O2 at high temperatures through a series of successive chemical reactions.

4.6 Hybrid Methods (H)

Several hybrid methods, combinations of the above methods, have shown potentially large levels of hydrogen production as shown in Table 9.
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5. Comparison of Methods

Solar-hydrogen methods [1] are summarized in Table 9. 

Table 9. Summary of hydrogen-production methods. 
	Method
	Processes/Reactions
	AQE
	STH
	Materials
Part 5 WSG
	Hydrogen
Production
	Ref.

	Photovoltaic-Electrolysis
Part 2 and Part 3
PV-EL
EL Types
Alkaline

PEM

Solid oxide


	Parts 1, 2, 3 World Solar Guide
PV
n-type semiconductor: hν  e-
p-type semiconductor: hv  h+
EL
Base electrolyte                           
          Anode                    Cathode
           OER                        HER
Acid electrolyte
          Anode                    Cathode
           OER                        HER       
	(%)
80 +



60-80
	(%)



21
	Scarce
Precious metals
Platinum group of metals
Rare earths

Earth-abundant
Ni
Transition metals 
	(Tonnes
day-km2)

WSG  Model    21





	[1]



]

	4.1 Photoelectrochemical
PEC
Wired
____________________
Tandem


	          Anode                     Cathode
           OER                        HER

________________________________
          Anode                      Cathode 
           OER                         HER
	
	
	Semiconductor electrodes
	(Tonnes
day-km2)


	[1]



	4.2 Photocatalytic
PC
“Artificial photosynthesis”

Z-scheme
	
hν + H2O  H2 + ½O2
	
	
	Semiconductor particles 


Co-catalysts
Typicaly Pt, Ru, Rh
	(Tonnes
day-km2)


	[1]



	4.3 Photo-thermochemical
PTC

Involve greenhouse
gases

	Steam reforming of methane
CH4 + H2O  3H2 + CO
Dry reforming of methane
CH4 + CO2  2H2 + 2CO
Water-gas shift
CO + H2O  H2 + CO2 
	
	
	
	
	[1]




	4.4 Photobiological
PB






	Direct
PSII
4hν + 2H2O  O2 + 4H+ 4e-
Plastoquinol (PSII)  Fd(PSI)
4e- (0 V) + 4hν 4e-(-0.43 V)
Hydronenase
4H+ + 4e-  2H2 + ½O2 
Indirect
C6H4O2 + 10H2O + hν  12H2 + 6CO2 
	
	
	
	
	[1]




	4.5 Solar Thermochemical
STC






	Step 1
High temperature
reduction
MOx  MOx-1 + ½O2
Step 2
Low temperature
oxidation
MOx-1 + H2O  MOx + H2
	
	
	
	
	[1]




	4.6 Hybrid

PEC-Solar M Kahn [5]
PT-PV-Solar S Tang [6]
PT-Solar Y Li [7]
PC-PT S Guo [8]
	
	
	
	
	(Tonnes/
day-km2)
131
  37
314
106
	

[59]
[60]
[61]
[62]

	Natural Photosynthesis
Process efficiency

	6CO2+12H2OC6H12O6+6O2+6H2O
Water oxidation: H2O4H+ + 4e- + O2 
Proton reduction: 4H++4e- H2  
	NA
	1-4
	Xxxxxxxxxxx
	NA
	[2]
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STH efficiency, durability, and cost of solar-hydrogen production methods [1] are compared in Table 10.


Table 10.  Comparison of hydrogen production methods.
	Method
	STH (%)
	Durability (hours)
	Cost ($/kg H2)

	PV-EL
	32
	PV - 90,000
EL - 20,000 
	6, 18% PV
     61% EL

	4.1 PEC

	19
	1,000
	10

	4.2 PC
	1-3
	1,000
	20, 0.7%
  2, 10%

	4.3 PTC

	No theoretical
maximum for STF
	500
	  3

	4.4PB
	1-3
	Limited
	18, 2%
  2, 10%

	4.5 STC

	<1
	500
	3-10



From Table 10, the photovoltaic-electrolysis method exhibits the highest STH efficiency and durability as well as a low relative cost for hydrogen production.  

The large variation of efficiencies in general processes is shown in Table 11.


Table 11. 
	Efficiencies of general processes

	
Process                                      Efficiency (%)
Faradaic (e.g. anodization)                 100
Electrolysis                                      60-80
Fuel cell                                           50-60
Internal combustion engine                  25
Photosynthesis                                    1-4
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Solar-to-hydrogen process are also be shown schematically [63] in Figure 16.




[image: ]

  Figure 16. Solar production of hydrogen. Image from [63]
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Characteristics of solar-hydrogen production methods [63] are shown in Table 12.

Table 12.       Comparison of methods. 
	Method
	STH
(%)
	Stable operating
time (hours)
	Safety risk
	Upscaling
Potential
	Relative
carbon footprint
	LCOH
($/kg)

	PV-EL
Alkaline
	11.0 +/- 0.9
	500
	Low
	High
	Emissions
	9.31
6.6.
3.72

	PV-EL
PEM
	11.0 +/- 2.7
	500
	Low
	High
	Emissions
	As above



	PEC

	11.7 +/- 2.7
	50
	Low
	High
	Emissions
	18.98
10.42
6.05

	PC

	0.73 +/-0.43
	50
	Medium
	Very high
	Zero emissions
	18.32
8.66
3.12

	PB-Direct

	2.0 +/- 0.0
	100
	Low
	Low
	Uptake
	18.45
3.71
3.10

	PB-Indirect

	1.2 +/- 0.9
	150
	Low
	Low
	Uptake
	36.39
8.69
5.07

	Scenarios
	
	
	
	
	
	Reference       
  scenario
Scenario 1
Scenario 2



From Table 12, several results can be noted:

1. The STH of PV-EL types is comparable to that of the PEC.
2. The STH of the PC type is approximately the same as for PB processes.
3. The low STH values of PC and PB processes are consistent with their low hydrogen production rates of Table xx.
4. The stable operating time of PV-EL types exceed those times of others by factors of three to ten.
5. The upscaling potential of PV-EL, PEC, and PC is high versus low potentials for PB.
6. The carbon footprints of PV-EL and PEC types are positive.
7. The LCOH of PV-EL types is approximately one-half of the others.
8. From these comparisons, the PV-EL types are currently the most viable electolyzers for commercial scales of hydrogen production.
9. The PEC method may become viable in the future.

It was concluded [1] that the only practical method of hydrogen production at this time is the PV-EL system. The analyses of [1,62] are in general agreement.  All analyses have shown that while the current production costs of green hydrogen, including PV-EL, make this storage source uneconomical, efforts are underway to reduce this cost to around $1.00/kg by 2050 if not earlier.
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6. Summary and Conclusions

At this point in time, the only practical means of producing large quantities of green hydrogen is the use of traditional electrolysis cells powered by solar photovoltaic panels, PV-EL.  Within this method, the alkaline (KOH) electrolyzer, ALKEL, is the only system which is currently available on a commercial scale.  This type of cell uses the earth-abundant element, nickel, as the electrodes.  The MCEL may also be considered for its use of nickel electrodes.

Other electrolyzers, namely the PEMEL and SOEL types, are under development for large scale production.  These types will require the incorporation of earth-abundant materials to replace their PGM and rare-earth elements.  The properties of many critical elements used in solar energy storage systems has been discussed in Part 4 of this guide.

Density Functional Theory, when applied to PEC cells, has resulted in significant performance improvements, increasing photocurrents and hydrogen production rates by factors or 2-10.  NIR-PEC exmples exhibited photocurrents and hydrogen production levels comparable to their visible counterparts and to the PV-EL method.  Although the scaled hydrogen production levels with the PC method are lower than those of the PV-EL and PEC types, its results are encouraging and improving to the extent that this method will likely find many applications.

Currently, research results of the PEC, PC, PTC, PB, STC, and Hybrid cells have not yet allowed their commercial development.  The photocatalytic (artificial photosynthesis) and photobiological methods have efficiencies approximately equal to those of natural photosynthesis.   Among the other forms of hydrogen production, the photoelectrochemical, PEC, and photocatalytic, PC, methods appear to have the greatest potentials as evidenced by their efficiencies and hydrogen production levels.  PEC cells produce about 60% of the hydrogen levels compared with the PV-EL method with both critical and earth-abundant materials.  PC cells result in 5% of hydrogen production relative to PV-EL cells with critical elements, but only 1% of these levels with earth-abundant materials. 

In addition, some of the hybrid methods show very high potential levels of hydrogen production, but they may require additional materials or energy sources.  Earth-abundant materials in some of these cells have also been reported and must be incorporated for the large-scale production of hydrogen.  A strong correlation between STH efficiencies and hydrogen production levels occurred for the PEC cells consisting of critical/scarce materials.  This correlation did not appear for the examples of PEC cells with earth-abundant materials, and the reason(s) for this result remain unexplained.

Note of Caution
Certain references cited Part 5 of the World Solar Guide appeared to present two different measurements of hydrogen production rates resulting from the PEC and PC methods.  In these cases, the text descriptions stated the units of measurement as micro-moles-hr-1-cm-2 or equivalently as μmoles-hr-1-cm-2.  However, the graphical representations of these measurements showed the units as mmoles-hr-1cm-2 which is milli-moles-hr-1-cm-2.  The difference between μmoles and mmoles is a factor of 1,000.  
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8. Appendix

[bookmark: _Hlk117601607]8.1 Scaling of hydrogen laboratory experiments to commercial levels

The physical scaling of laboratory experiments with small sample sizes to large-scale commercial systems is not a simple nor a linear process.  However, for the purpose of comparing potential global hydrogen production levels among various methods, linear scaling has been assumed to hold.  A few example calculations will illustrate this point.

Laboratory experimental samples are typically a few cm2 in size with catalyst loadings measured in milli-grams per cm2 or grams per cm2.  In other experiments, the thicknesses of electrodes and electrolytes were taken to be 1 μm, 10 μm, or 100 μm.  Hydrogen production rates are usually given in μ-moles or m-moles per hour.  Sample areas were used in these conversions.  Where available, areal-dimension production rates were recorded such as μ-moles-hour-1-cm-2.   

The commercial units for these comparisons can be given for electrode areas in terms of hydrogen masses per unit time and unit area (tonnes H2-day-1-km-2) or for photocatalytic systems in hydrogen masses per unit time and catalyst mass (kg H2-day-1-kgc).

In other examples of this scaling procedure, consider the graphical representation of a hydrogen and oxygen evolution experiment shown here in Figure A1.
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                        Figure A1.  Hydrogen and oxygen production from water electrolysis.  
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Experimental cells are typically a few centimeters in size, with electrode areas of, say 4 cm2.  From the schematic graph in Figure Al, the laboratory hydrogen production can be numerically scaled to a commercial level by the following calculation, where a 6-hour day is employed in order to be consistent the WSG model PV-EL-FC calculations which included the solar capacity factor (CF) of 25%:

P = (130 μmol)       mol       (2.0 x 10-3 kg) 1.0 x 1010 cm2 6 h   tonne =  0.33 tonne
         12h-4cm 2     1 x106             mol                km2         day   1x103 kg     day-km2

When this production is given in mL-cm-2, the calculation is given, for example, by:

P = 4       mL           L         60 min 6 h 0.089 kg m3    1010 cm2 tonne = 16 tonnes
      80 min-cm2   103 mL        h      day    m3      103 L   km2      103 kg    day-km2
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8.2 Conversion Factors

The standard experimental graphs of hydrogen production over time such as [Shi] can be converted to commercial scales from the relation,

m   =    JM, where
A-t         zF  

m = 200 μmoles   2.02x10-3 kg   6 hr   1010 cm2   tonne       = 12.9 tonnes
A-t      cm2-2 hr           mole         day       km2     103 kg          day-km 2

Alternatively, for a photo-current density of 5.75 mA-cm-2 in this experiment,

JM = 5.75x10-3 coul   2.02 x10-3 kg            1                        = 5.96x10-11 kg
  zF       cm2-sec                 mole          2(96,484 coul-mole-1)      cm2-sec 

which can then be converted as,

JM = 5.96x10-11kg   3,600 sec   6 hr   1010 cm2   tonnes = 12.9 tonnes
  zF     cm2-sec             hr            day       km2         103 kg     day-km2

A direct conversion for a graph of hydrogen production, Q, vs. photo-current density, J, in the relation

Q = KJ, or
 
m = KJ   =   MkJ 
t-A               zF

can be calculated as

Q = 2.02x10-3 kg            1                         3,600 sec 6 hr 1010 cm2   tonne    5.75x10-3 coul
          mole             2(96,484 coul-mole-1)    hr         day     km2      103 kg         cm2 - sec
   
Q = 12.9 tonnes
        day-km2     

The period of 6 hours per day is due to the capacity factor of solar energy, CF = 25%, which has been used in Part 1 and Part 2 of this guide.
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8.3 Statistical Analysis Tutorial

Statistical analyses have found many uses in both the social and natural sciences. For example, in the social sciences, statistics are utilized in financial investments.  The Markowitz method, developed in the 1950’s considered investment returns of various classes of stocks and bonds such as small-cap stocks, large-cap stocks, international stocks, corporate bonds, and government bonds.  It was found that small-cap stocks exhibited higher returns (averages) but also high risks (standard deviations) than those of large-caps.   When these classes are plotted as a graph, the following picture emerges in Figure A2.
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                                                                          Figure A2.  Risk (Standard Deviation, %)

The curve connecting these data points is known as the “Efficient Frontier.”  As stocks and bonds historically move in opposite directions, the correlation between them was negative shifting this curve to the left, thus reducing the total portfolio risk. 

In the natural sciences, the interest is usually in determining a functional relationship between two variables such as voltage and current as determined by Ohm’s Law.  The slope of this graph is the resistance of the circuit.

The analysis of PECs in Part 4 of the World Solar Guide revealed some interesting results.  Table xx provides data for four classes of cells.  Here, wireless/unassisted cells are the most likely types to provide large-scale (tera-watt) levels of hydrogen production.  However, this class contains both scarce (Pt, Ru, III-V semiconductors, others) materials and earth-abundant elements such as Si, Cu, Mo Ni, and Fe.  Rapid development of devices using abundant materials is essential. 

The graph of hydrogen production vs. STH efficiency for the scarce materials shows a linear relationship with a coefficient of determination, R2 of 0.9153, meaning that 92% -----------.
On the other hand, a similar graph for earth-abundant materials shows no such relationship.
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All the results shown in Table 1 were derived from independent researchers around the world, often connected through literature references.  The two sets of unassisted PEC results most likely arose from laboratories using similar laboratory procedures and instruments.  Nevertheless, these sets showed remarkably difference relations between hydrogen production and STH efficiency.
These two graphs indicate the importance of understanding the statistical nature of empirical research results both from experimental and theoretical viewpoints.

The concepts of relating “y” and “x” are usually introduced rather abstractly in a calculus course, only to be seen later at the practical level of research and development.

The calculation of averages, standard deviations, correlation coefficients, and coefficients of determination can be obtained simply from tools such as EXCEL and other sources.  However, it is important to understand the mathematical derivations of such parameters.  Brief presentations of these concepts will be given here. 


                                         y = a + bx
                                                                                                o
                                                                       o
                                                                                   o
                                                        o

                                                                 o
        (xi, yi )                                     o
            o
      Ei                  o






                  Variables,  y













                                                                                Variables, x
                      Figure A2. A series of n data points (xi, yi)

 

Figure A2 represents a series of observed or experimental data points in a proposed linear relation,

y = a + bx

Other relations could be considered, such as a polynomial,

y = a + bx + cx2 + …

or an exponential
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y = y0ekx 

but the linear case will be illustrated here.

For a given experimental value of xi, the expected value of yi is

yi = a + bxi 

The difference between them is then

Di = yi – (a + bxi)

In the least squares method, it is necessary to minimize the error,

E = Ʃ Di 2   = Ʃ [yi – (a + bxi)]2

It is also required that the term, Di, be squared in order to avoid cancellation of the positive and negative errors.

In order to minimize the error, first partial derivatives of E with respect to a and b are calculated and set equal to zero.

∂E = -2 Ʃ (yi – a – bxi) = 0
∂a

and

∂E = -2 Ʃ xi (yi – a – bxi) = 0
∂b

To solve these equations for a and b, they can be written as

bƩxi + an = Ʃyi

bƩxi2 +aƩxi = Ʃxiyi

Solving these two equations simultaneously for a and b gives

b = nƩxiyi   -  Ʃxi Ʃyi
        nƩxi2 - (Ʃxi) 2  

a = ƩyiƩxi2   - ƩxiƩxiyi 
          nƩxi2 - (Ʃxi)2
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The data from Table 1 and Figure 6 for unassisted PEC cells with critical materials are shown in here in Table A1.

Table A1. 
	Data Point
	xi
	yi
	xi2
	xi yi

	1
	6
	16
	36
	96

	2
	13
	21
	169
	273

	3
	10
	16
	100
	160

	4
	10.3
	19
	106.09
	195.7

	5
	0.03
	0.025
	0.0009
	0.00075

	6
	3.4
	6
	11.56
	20.4

	7
	2.4
	5.8
	5.76
	13.92

	8
	7.1
	13
	50.41
	92.3

	n = 8
	Ʃxi = 52.23
	Ʃyi = 96.83
	Ʃxi2 = 478.82
	Ʃxiyi = 851.32



The slope, b, is calculated to be

b = n(Ʃxy) – (Ʃx)(Ʃy) = 1.590
         nƩ(x2) – (Ʃx)2      

The intercept, a, can be calculated:

a = Ʃyi Ʃxi2 - Ʃxi Ʃx yi = 1.723
        nƩxi 2 - (Ʃxi)2      

The parameters, a and b, are in good agreement with those calculated by EXCEL in Figure 6.

The correlation coefficient for the set a data points, (xi, yi) is given by

r =       n(Ʃxy)             -           (Ʃx)(Ʃy)            = 0.956
          {[nƩx2 - (Ʃx)2]  [nƩy2 – (Ʃy)2]}1/2
 
This high value of r shows a strong relationship between the STH efficiency and hydrogen production for PEC cell consisting of critical materials.

The coefficient of determination is r2 = 0.915. This parameter indicates that 91.5% of the relationship between STH efficiency and hydrogen production for these cells is explained by this data set.  As seen in Figure 7, a minimal correlation is found between STH efficiency and the production of hydrogen for PEC cells consisting of earth-abundant materials.  The reason(s) for this lack of correlation remain unexplained.
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Experimental data often requires calculations of averages and standard deviations.  A graph of the Gaussian distribution function is shown in Figure A3.   
                                                     
                                        [image: Normal Distributions (Bell Curve): Definition, Word Problems - Statistics  How To]
        Figure A3.  Standard deviations around an average.  Image from Statistics How To

The probability density function of the Gaussian distribution is 

p(x, μ, σ 2) = 1 exp[- (x – μ)2/2σ2] 
                      Z

Where Z is the normalization constant,

Z = [2πσ2]

The parameters, μ and σ2, are the mean and variance of the population, N, distribution

μ = 1Ʃxi
      N
The standard deviation of the distribution for a sample, n, is given by the square root of the variance,

σ = [Ʃ(xi – μ)2/(n-1)] ½ 

The mean and standard deviation values for the unassisted PEC cells composed of critical and earth-abundant materials are given in Table 2.
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In practice, it is usually necessary to make several measurements of the variables, xi and yi.  For each value of xi and yi, the average and standard deviation are calculated as shown schematically in Figure A4.  With one standard deviation, the probability is 67% that the value lies within this range.  The averages are than tabulated as in Table A1.  Assuming a linear relation between the variables, the least squares values of a, b, r, and r2 can be computed.  The first trial may show low values of r and r2 indicating a “sloppy” experiment, but modifications and improvements can often improve the fit.  If the process is quadratic, exponential, or other mechanisms, the appropriate mathematical fit must be used with the experimental data.  Calculated values of the correlation coefficient and coefficient of determination, r = 95% and r2 = 90%, or higher, indicate good agreement between the data and numerical model.
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            Figure A4.  Schematic of experimental data with error bars as one standard deviation.                                                                                    


Hydrogen Production vs. STH Efficiency



6	13	10	10.3	0.03	3.4	2.4	16	21	16	19	2.5000000000000001E-2	6	5.8	STH Efficiency


Hydrogen Production





Hydrogen Production vs. STH Efficiency

7.1	2	1.5	3	13.8	10	1.5	5	8.5	0.45	0.3	3	12	0.57999999999999996	0.9	7.5	5.0999999999999996	2.2000000000000002	1.3	20	43	0.55000000000000004	42	6.6	STH Efficiency


Hydrogen Production



Hydrogen Production vs. Photo-Current Density

1	2	4	5.75	8	10	2.2400000000000002	4.4800000000000004	8.9600000000000009	12.9	17.899999999999999	22.4	Photo-Current Density


Scaled Hydrogen Production



image3.gif
shorter Usable wavelengths longer

TiO,, SITiO, .. Natural photosynthesis

ahy
2HO R0, +4H 44 e

ahv
2H,07 0, + 2H,

g
g Energy loss due o H,0,
E‘, formation/disproportionation
2 Two-photon water splitting
§ gy (T ATr
s LR T
N7 OH AW
co OH

1 2He 2HO  acis

W

Reaction: Koh ef al, Science 324, 74-77 (2009)
Discovery of mechanism: fhis work.

@ Only two photons for O formation
@ Two different wavelengths (long and short)





image4.jpeg
cB
Er

VB

electrolyte

photoanode photocathode




image5.png




image6.png
T2 34567601011121318





image7.png
Density of States

El
s
@
Q
a |
8 6 4 2 0 2 8 6 4 -2 0 2
Energy (eV) Energy (eV)
)
@
Q
a
3
K
@
Q
a
84 6 -4 -2 0 2 -8 -6 -4 2 0
Energy (V) Energy (V)
3 ' —Al2p
s a i
@
8 4
_ ] B 6 4 2 0 2
3 i Energy (eV)
3 i
@
2 +
a ]
K 0 2

6 -4 -2
Energy (eV)





image8.png




image9.gif
25.00.00000209099
R S S A

E vs Vacuum




image10.png
00,k ovgen vacancies

O —

PR

E] o
Encrgy (e)

(D Cobalt
‘ @ Oxygen
B€ O0xygen vacancy
& ©Hydrogen
o





image11.gif
J/ mA-cm®

NdFeO,

Mg (5 at%)-NdFeO,

Zn (5 at%)-NdFeO,

Doping
procedure

E/V

E/V

E/V




image12.gif
Semiconductor




image13.jpeg
=600 K laciboty

- S Rl st
Tipof Amwprars

_Slr Faditon
Fescting Srface

s«usudmmamnwmﬂ.iw
PREELEER

ot )




image14.jpeg




image15.jpeg




image1.jpeg
o
el
<}
£
©
o
L2
°
£
a

Photoanode

Cathode(anode)

Photoanode(cathode)





image2.jpeg
PROCESS OF PHOTOSYNTHESIS

(Carbon

Light  Water H,0

Grana N’ , - Outer
(Stack of Thylakoid) ; % Membrane
Inner
Stroma Membrane
Intermembrane
Space

Sugar
en
0’“(’)3 H,0




