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ABSTRACT: Photoelectrochemical (PEC) and solar thermochemical (STCH) water-

splitting represent two promising pathways for direct solar hydrogen generation. PEC

water-splitting integrates multiple functional materials and utilizes energetic electrons

and holes generated from sunlight to produce hydrogen and oxygen in two half- Photoal i iamical /‘
reactions, while STCH water-splitting couples a series of consecutive chemical

reactions and uses absorbed heat from sunlight to generate hydrogen and oxygen in H, |
two full reactions. In this Focus Review, the basic operating principles, sunlight 5°'a”hefm°°he'“‘°a'\/
utilization, device architecture, reactor design, instantaneous and annually averaged

solar-to-hydrogen (STH) conversion eiency, and the operating conditions and

constraints of both pathways are compared. A side-by-side comparison addresses some

common sources of confusion and misinterpretation, especially in the evaluation of STH convesanties, and reveals
distinct features and challenges in both PEC and STCH technologies. This Focus Review also addresses materials a
challenges in PEC and STCH for cost-competitive hydrogen generation.

that can accommodate weekly and seasonally variabkng renewable energy inputs. For PEC, various types of

energy needs are expected to play a critical role indevices with forward-looking materials properties and
future of signicantly expanded renewable energy use. Coséstimate yielded levelized cost patplant gate at <US$2/
competitivégreei hydrogen from sunlight couldd uses in  kg*> For STCH, the current estimated ¢bst is still high
multiple industrial sectors including transportation, chemicgliS$4 6/kg),° and the solareld and the tower have the
synthesis, iron and steel production, fertilizer synthesis, anchighest contribution to this cost. Pathways to achieve a
biore neries. Green hydrogen has the potential to meet longarget of US$2/kg have been presented in the litetature.
term, terawatt scale energy storage dernwvater-splitting  this Focus Review, we witst briey describe the operating
via solar thermochemical hydrogen (STCH) and photopyinciples of the two approaches for direct solar hydro
electrochemical (PEC) are two important approaches f‘ﬁeneration, PEC and STCH, and their device or rea
sunlight-driverigreefi hydrogen generation currently _being embodiment, and then we will compare these two side-by
explored by the research and development community. Whileerms of sunlight utilization, anticipated solar-to-hydro

both technologies use the same feedstock, i.e., sunlight gy ersion eciency, and operating conditions. In addition,
water, and have a common end product, i.e., hydrogen, the iy

! Blude a discussion of materials and system challeng
tﬁCh”.O'c?g'eSt zgve rarely_beenthrr;pafred dand cc;n;[rasteq f'“%é%h technology. This Focus Review aims to compar
the signicant di erences in materials, fundamental principles, .

and operating conditions. Recent DOE-supported benchmark.'d4€ aspects and challenges for PEC and STCH, to la
ing eorts in the HydroGEN consortium brought multiple
technological pathways for advanced water-splitting togetheftgceived: April 9, 2021
establish and maintain a balanced portfolio of documentétfcepted: July 22, 2021
“best practicksamong four classes of technologies, namely

low- and high-temperature electrolysis (LTE and HTE,

respectively), PEC, and STE&HRecent techno-economic

analysis (TEA) of both PEC and STCH water-splitting

T echnologies for large-scale, long-term energy storageproaches showed promise for achieving low cost hydr
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groundwork for long-term development of solar fueHalf-reaction at cathode (reduction):
technologies. Importantly, we do not aim to make an argument 3
that one approach is better than the other, as both show 2H" + 2¢  H, (4)

distinct promise and advantages as well as challenges. i o
Half-reaction at anode (oxidation):

GENERAL OPERATING PRINCIPLES OF

PHOTOELECTROCHEMICAL AND SOLAR H,0 + 2K 105 oH*

THERMOCHEMICAL WATER-SPLITTING 2 ©)
Photoelectrochemical (PEC) water-splitting cells are inte- . 1
grated solar fuels generators incorporating multiple functional Net reaction: 5D B 502 (6)

materials and they couple PEC processes to produce hydrogen

and oxygen from sunlight and watayure a illustrates key addition, ionic transport betw:_aen the cathode and anpde_
electrolytes and product separation are necessary to maintain

e cient and safe operation of the cell. Note that all these

(a) p-SC cathode (b) ) 1 | - . :
7 Heat/sunlight 20, processes couple to pro_duce a single rate of reaction for water
nSC anode i}] %;l splitting in the PEC device. To overcome the thermodynamic
) potential ( U,,,) between oxygen evolution reaction (OER) at
r\ the anode (1.23 V vs RHE, where RHE is the reversible
hydrogen electrode potential) and hydrogen evolution reaction
%'V'Ox %MOX»5 (HER) at the cathode (0 V vs RHE), the total voltage (Fermi
level splitting) of cathode and anode needs to be large enough
\9} to sustain the full reactidin many cases, as showRiipure
1, the conduction band eddé-§) of the cathode and the
&g [ﬁ? valence band eddg,f) of anode straddle the energy levels for
O il H, H,0 water-splitting reactions, e.g., the HER at 0 V vs RHE and the

OER at 1.23 V vs RHE It is important to note that band
Figure 1. Schematic illustratis of the general operating €dge positions that straddle the energy levels of water-splitting
principles for (a) photoelectrochemical and (b) solar thermo- reactions are not required as long as the overall Fermi-level
chemical advanced water-splitting processes. splitting of the photocathode and photoanode exceeds 1.23 V
to sustain the full reaction. In other words, a p-type

- : : . : ptocathode with the conduction band position lower than
photoelectrochemical processes in a typical device in which && vs RHE can sitill drive HER upon illumination due to the

semiconductor materials harvest the incident sunlight, and &) tface inversion of the p-type semiconductor thetively

materials or components in the optical path between the sahx " o )
and the semiconductors could potentially modulate and altdPPinned the band edge positioin addition, solid-state,
the light absorption. The light illumination can be from eithe uried junctions using traditional photovoltaic materials, such

side of the cell or both sides depending on the detaileds Si, GaAs, etc., are often used to circumvent the stringent

con guration of the system. Typically, three main categoriégql.J'rementS for the ban_d .edge posnugg;gd to achieve high-
include “photocathode and dark andgphotoanode and € ciency solar water-splitting performarices.
dark cathode and “photocathode and photoantdim all Solar thermochemical (STCH) cycles use sunlight in the
three categories, the overall voltage generated by tf@m of adsorbed heat to produce hydrogen and oxygen from
photoabsorbers has to exceed the required voltage for tvater. Although water can thermally dissociate just with heat
water-splitting reactiofrigure & used‘photocathode and (known as thermolysis), this direct dissociation requires an
photoanodeas the generic illustration for the PEC systemimpractically high operating temperature (>2500 K) to obtain
Absorbed photons in the semiconductor material generate signicant degree (>4%) of hydrogen. Furthermore, the
energetic electrons and holes, which are transported $eparation of the products at high temperatures is challeng-
electrocatalysts via bulk and interfacial charge transpamg®?® STCH water-splitting reactors circumvent these
processésNext, electrocatalysts perform water-splitting andi culties by carrying out the dissociation reaction through
simultaneously produce gaseoupsuhtl G at the catalytic  a series of consecutive chemical reactions, suchahdti)
sites. The equations below indicate the possible two halre generated in dirent steps, either separated temporally or
reactions and corresponding net reaction involved in thepatially! In addition to water as the sole consumed reactant,
complete process: one or more materials actively participate in the process
Half-reaction at cathode (reduction): without beindg'net’ consumed. Many sequences of reactions
i . have been EroPosed like volatile metal oxide cycles (e.g., Zn/
2H,0+ 28 208 H, 1) ZnO cyclé? ** or SnQ/SnO cyclé®), phase change
stoichiometric oxides (e.g.;F#FeO cyclé®*’ or metal-
Half-reaction at anode (oxidation): substituted ferrites cy@ﬁeé% or multistep cycles (e.g., hybrid
sulfur cycf@ 3 or manganese deibased cycre®9).
20HS + 2H 105 H.,0 However, currently two-step redox activstaichiometric
2 @ metal oxide (MQ) thermochemical cycles garner most of the
ongoing research arts among the thermochemical water-

. 1 I~ . . .
Netreaction: H O W =0, @) splitting cycle$, either with cerium-based oxides or
2 perovskites: “* The metal oxide cycles involve only two
OR reactions (one per each step) based on a redox swing between
3097 https://doi.org/10.1021/acsenergylett.1c00758

ACS Energy Le?021, 6, 30963113


https://pubs.acs.org/doi/10.1021/acsenergylett.1c00758?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c00758?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c00758?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c00758?fig=fig1&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.1c00758?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Energy Letters http://pubs.acs.org/journal/aelccp

an oxidized and reduced form of a candidate materjafoMO in space (spatially). Unlike STCH, in which two full redox
which the metal ion (M) can assume multiple oxidation stategactions take place, PEC water-spliting uses two half-

and the oxygen stoichiometry can vary contindBesjy.70 reactions, e.g., HER and OER. As a result, the two half-
below summarize the reactions involved in the two-step oreactions must be performed simultaneously without any
stoichiometric metal oxide cycle: temporal separation. While the vast majority of the reported

PEC water-splitting system performed HER and OER at the
same rate> %6 additional redox couples or charge carriers

can be introduced to the PEC device to replace either HER or
OER for the spatial and temporal decoupling of hydrogen and

Reduction: 1MOX 1MOXS+ %OZ R

Oxidation: lMOXg + H,0 EMQA* H>

®) oxygen generatiéfi’® It is also important to note that the
1 reduction reaction or the oxidation reaction in PEC commonly
Net reaction: o 2o refers to water reductioeq ) or water OX|dat_|0ne(q 3,_
o G 2 ? 9) respectively. In contrast, for STCH the reduction reaction and

Figure b illustrates the overall operating principle of thethe reoxidation reaction refers to the reduction and reoxidation

two reaction steps in STCH water-splitting. Tisé step of the redox materials and not of water. As a result, oxidation

involves the reduction reaction, which is highly endothermFt):mduct(?S F)_anﬁ.le ir(]j at.PEC dgvice ?hnd STCH ;ej;jctar,
and requires a high-temperature energy source for the reacf§riP€¢ 'I\:’)?Eé’ é" ere udc 'qucpl_:o uces the rever.seb,l ’
to occur. Note that the metal-oxide reduction reaction-2'M 2 evice an reactor, respectively.

enthalpy must be higher than the water-splitting reaction
enthalpy at the reoxidation temperature, and tends to range BE'\F/\I/(\/:EEI/EFIQ\IEQISCT)E')SE'T_EgﬁgggLEI?AIIECiE)'\,ﬁEIADRISON

between 250 and 500 kJ/mol of.*M Concentrated solar
thermal technologies such as point focus on a solar tower can SOLAR THERMOCHEMICAL WATER-SPLITTING

provide this heat in a coseetive renewable form through the The device architecture and reactor design in both PEC and
sunlight reection from an array of mirrors focused on aSTCH water-splitting are critical to the overall performance of
concentrated spot into a receiver/reactor, where the acti¥i@e system. Two general types of PEC water-splitting device
material heats up and the reduction reaction occurs. Thachitectures, have been modeled and experimentally demon-
second step involves the reoxidation reaction, which is mildiyrated at the laboratory s¢4fe® A Type 1 PEC device
exothermic and is favorable at lower temperatures. Tempé#idicates a system where the catalyst on a light absorber is
ature, partial pressure of oxygen, and concentration of gages gured in the form of particles suspended in the electrolyte,
play a key role in these reactions. The reduction reactid shown irfrigure A. Both a single chamber device, where
depends sensitively on temperatligs énd partial pressure hydrogen and oxygen coevolve, and a dual-chamber device, for
of oxygen ff5), with the degree of reduction or-o which a redox shuttle is requwgd in the Z'scheme reaction,
stoichiometry () being a strong function of both variables, have been proposed and studied for particle-based systems.

- . L ased upon years of research on particle-based photocatalyst
T andpo, To avoid the reverse reaction, it is necessary t esearch, aat panellike‘catalyst sheetevice using Al

remove the oxygen released from metal oxide from the systggheqd SrTiQwas demonstrated in recent years at large solar
prior to cooling in preparation for the reoxidation reactioncgliection area of1 n? that coevolved Hand G at the

The reoxidation reaction highly depends on both temperatuggtalyst surfaééWhile the Type 1 PEC device architecture
(Tox) and the amount of excess reactant steam relative {05 shown great promise in many technoeconomic analyses
available oxygen ion vacancies. The higher the reomdaﬂ@;rEA), the solar-to-hydro%en (STH) conversiogiency is
temperature, the larger amount of excess steam, whereag,dently limited to <296>°° A Type 2 PEC device indicates
lower reoxidation temperature requires shedding a large system for which catalyst coated planar semiconductor
amount of sensible heat after the reduction step and thfaterials and membrane separators argured to maximize
injecting a similar amount to raise the temperature of thge jight absorption and to minimize the transport losses in the

material in preparation for another reduction step. device with achievable STHoencies of about 20918
] ) Both PEC architectures can operate under ambient sunlight or
Unlike solar thermochemical water- relatively low concentration, e.g., a concentration @astor
splitting, in which two full redox 10. However, ? recg?t dev;:lﬁpmelnt vgith agdgmly higherd
: concentration facto 474) has also been demonstrated in

reactions take plac'e,_ photoelectro- a PEC systeff.
chemical water-splitting uses two half- For STCH, there are two conceptual reactor system designs:
reactions, e.g., hydrogen evolution both reactions are placed in the same reactor or each one is
reaction and oxygen evolution reac- placed in dierent _reactors._ln thest conguration Figure
tion 2c), the metal oxide remains in the same chamber and the

reactions take place sequentially, hence temporal separation of
0O, and H. To have quasi-continuous hydrogen production
While the overall water-splitting reaction is identical for botlnd no to minimal waste of available solar radiation, two (or
technologies, the STCH process involves two full reactiomspore) reactors are placed in parallel alternating between
where the two electrons left behind when removing an oxygerygen and hydrogen producf?%??56 For the second
atom from the anion lattice hominally moves to the catioron guration Figure @), the metal oxide moves from one
lattice within the solid-state l@aterial during the reduction reactor to the other and back again to tisé While the
reaction. As a result, the reduction reaction and reoxidatisaduction reaction takes place in the on-sun reaction chamber,
reactions in STCH are separated in time (temporally) and/othe reoxidation reaction takes place in asup reaction

3098 https://doi.org/10.1021/acsenergylett.1c00758
ACS Energy Le021, 6, 30963113


http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.1c00758?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Energy Letters http://pubs.acs.org/journal/aelccp

Sun

1
(a) (c) !
a Reducti():\’ o, | Oxidatio’n, H,
\ H | - o
A Lot ] Q A o0
Q\ e B 0 RS )
{Y‘{ Oxidation N Y(\(\ Reduction
Si==% H,/0, /er N > | . J\:é\é\(\\ﬁ) X
H,0 Q o Qo o ‘o) o E‘}h ] : h
‘ Heliostat Solar Heliostat Solar
field tower I field tower
1
Step 1 1 Step 2
(b) (d)
MO,
>\
H,0 %%
" - Q/\ AL Reduction
, === y . 2 > (Step1) M0, H:
8--+0 & VAL 1 o
—— : -y L\\/ Oxidation
H,0 . | (Step 2)
2 membrane

Heliostat Solar MO,
field tower

Figure 2. Schematic illustrations of device architectures for (a) particle-based PEC device, (b) planar catalyst-coated semiconductor PEC
device, (c) two xed-bed alternating reactors STCH system, and (d) moving particle STCH continuous production system.

Figure 3. Daily variability of GHI and DNI in Daggett (CA). (a) Solar zenith angle daily variation for summer and winter solstices, and
equinoxes. (b) Representative spring cloudy day (March 31, GHI = 3.87 and DNI = 1.31 k¥¢h¥n (c) Representative summer sunny

day (June 22, GHI = 8.91 and DNI = 11.65 kWhd Y). (d) Representative winter sunny day (December 22, GHI = 3.87 and DNI = 1.31
kWhm?2d?).

chamber. Thus, the production gfisl continuous and the reactors and the heat exchanger into a single device, but
separation of Qand H is spatial. In addition, this strongly couples the two reaction rates, limiting opportunities
con guration facilitates heat recovery, which is essential to independently vary the residence times for each reaction.
obtain high eciency. Technologically, the two main solutions In PEC devices, the sunlight collection area is often
proposed for this system concept are the moving bed ebmparable to the photoelectrochemically active area for the
particles (or other form factdfj® and the counter-rotating solar-driven water-splitting reaction, with the exception of solar
rings.>°° The moving particle concept has a higher operatingoncentrator coupled PEC devices, where the sunlight
exibility since the particles can be stored and used awllection area is larger than the photoelectrodes by the
demand; being possible to increase the capacity factor of theoncentration factor in the PEC device. As a result, the light
plant, however, that eliminates some opportunities for solidabsorber as well as the electrocatalysts for the water-splitting
solid heat recovery. The counter-rotating ring(s) reactor, oreaction often occupy a large geometric area in the system. For
the other hand, simplis the system by combining both electrocatalysts, both uniformly coated, ultrathin catalyst layers
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as well as dotted catalyst islands have been explored as viablée preferred deployment sites for STCH or PEC is similar
approaches for eient PEC devices for minimization of the to concentrating solar power (CSP) or a traditiored PV
parasitic light absorption. While the uniformly coated catalypainel, respectively. Only high insolation regions are preferred
layer would occupy the same geometric area of the lighications for STCH deployment with a recommended
capture area, the dotted catalyst islands could reduce te@nimum annual DNI 2365 kWh n? yr ! (6.5 kWh m?
geometric area coverage by several orders of magfitdde. d ) and latitudes between 23 and {forth or south§®

a result, these designs with Iding fractions of electro- PEC oers more exibility with locations owing to the
catalysts can sigoantly reduce the usage of precious metalscontribution of diuse light; however, locations closer to
However, high-cost materials, such as Ro@® IrQ, even equator are bengal with the lower zenith angle when tilt-
though they are stable and highly active for the oxygenacker is not incorporatedhe land-use requirements
evolution reaction in acid, are typically not encouraged for ubetween PEC and STCH are comparable in the generation
in such systems due to the cost and scalbititgontrast, weighted average land use, and would likely follow a similar
STCH reactors require high concentration factors (at leaselationship as between PV and €SP.

2500) to limit re-radiation lossesT() that added to the The AM 1.5G spectrum with an integrated power of 1000
collection losses, which are inclusive of optical losses, maWésn? is typically the standard input power spectrum for PEC
the collection area >5000 times larger than the receiveells. Both direct normal irradiance andiséi (sky and
aperture area. The collected sunlight after the receiver fogabund reected) contribute to the spectrum, collectable, in
point defocuses (generally) before falling on and beingrinciple, from unconcentrated PEC device architectures.
absorbed by the active materials in the reactor, whidHowever, PEC devices coupled with solar concentrators with
e ectively has an absorbing atC > 200 500. In addition,  low concentrations would only be able to use the DNI, like
the design context for a STCH reactor is typically for &TCH. In addition, depending on the light absorber materials,
centralized kproduction plant; due to the balance of systemtypical PEC devices only use part of the spectrum namely
cost, a minimal plant size is likely IMW. In contrast, PEGhose photons with energies above the bandgap of the
owing to the panel-like modular design analogous to a Pd¢miconductor materials, e.g., with enough eBgrgyg,

panel, can be distributed widxibility of plant size depending While the material strongly absorbs photons with energy much

on the end use of the,ff While both will bene from greater than the band gap, the resulting photogenerated
economies of scale, the expectation is that the minimum scealectrons and holes typically thermalize back down to band
will di er between the two. edges before being transported to catalytic sites to drive fuel

forming reactions, which translates to an enerdyidnss. &

SUNLIGHT UTILIZATIONS OF
PHOTOELECTROCHEMICAL AND SOLAR
THERMOCHEMICAL SYSTEMS

While both PEC and STCH use sunlight to drive the water-
splitting reaction, the sunlight utilization in each case is
distinctively dierent. Direct normal irradiance (DNI), which

is the power received on a unit area at the's€suiffiace from

the sun without having been scattered by the atmosphere, is
the input sunlight power used for STCH, while global
horizonal irradiance (GHI) represents the total amount of [,\\

[ PEC(top)
[ PEC(bottom) .
—— AM1.5G

N
N 3

Intensity / W-m2nm™’
o
Sl

direct and diuse radiation received from above by a horizonal
surface is often used as the input sunlight power for PEC: 0

500 1000 1500 2000 2500
Wavelength / nm

GHI = DHI + DNI cos(z) (10)
Figure 4. AM 1.5G spectrum with the band gaps of the dual-

wherez is the solar zenith angle and DHI is theusB junction light absorber dening the wavelength region of interest
horizontal irradiance (power received on a unit area receivéd the PEC system (pink color for top cell and green color for
from above by a horizonal surface DHI that does not arrive drottom cell).
a direct path from the sun). In sunny days, the DNI term
represents up to 700% of the total irradiance; however, it is shows a prototypical solar spectrum utilization for a tandem
negligible on cloudy daysThe seasonal and daily variation PEC (for instance InGaP/GaAs cell with a bandgap
resulting in largez explains the higher annually average otombination of 1.78 and 1.26 eV). The total power of AM
DNI than GHI. As an exampl€jgure 3illustrates this 1.5 spectrum is 1000 W fnwhile the maximum power
variation at Daggett (CA) based on hourly TMY2 (seconctonstrained by the bandgap is 729 Whafore considering
edition of the typical meteorological year) data. The maximuthermalization losses (describe in the later paragraph),
annual variation in zenith angle occurs between the summnearresponding to 27.1% loss.
and winter solstices in nontropical areBsyase @ shows. At In contrast, STCH uses the whole spectrum; however, the
noon, the cosine factor attenuates the DNI in the GHI by 2%oncentrating technology introduces collection losses before
at the summer solstice and 47% at the winter solstice. Tlilge radiation reaches the reactor. Assuming power tower
cosine factor explains theedence between DNI and GHI technology, these losses depend on many varied factors
peaks irFigure 8,d.Figure ® shows the relevance ofudie including the position of sun, the location of the individual
light during a cloudy day sometimes dominating GHI. Thédeliostat relative to the receiver, and the sizes of the heliostat
annual GHI and DNI in this representative sunny location arend the receiver aperture. Among the most common losses
2138 and 2791 kWh R respectively. considered are rection losses, cosine factor, shading and
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blocking, atmospheric attenuation, and receiver spillage. A tdtaimation for liquid water G°) and water vapor (Gg),

of 40 60% of the collected energy reaches the external surfale standard formation enthalpy for liquid watet’(or the

of the receiver apertifé! and of that, 535% is lost from re-  higher heating value of hydrogen, HHV) and water vapor
radiation and convection with the environment due to the high Hg, or the lower heating value of hydrogen, LHV),
temperature in the solar receiver (reduction reattdNote vaporization energyW,), and isothermal and adiabatic
that re-radiation and convection losses are highly dependeosimpression energWdomp ise@NdWeomp ad- Confusion with

on the temperature and the concentration ratio, as shown ualues and daitions can lead to mistakes in calculation of the
Figure S1Due to these energy losses before any radiation c&TH e ciency or incorrect comparisons. We also converted
be used in the reduction reaction, a minimum insolatiothe energies into dirent units to make the comparison as
threshold in the vicinity of 300 W#is typically necessary for clear as possible.

system operatiéfi. At Daggett, for example, 95% of the We dene the STH conversion eiency for both systems,

available solar energy is above this threshold value. PEC and STCH, as
SOLAR-TO-HYDROGEN CONVERSION EFFICIENCY _ Ny, (mol)  G°(kJ moP?)
DEFINITION OF PHOTOELECTROCHEMICAL AND  STH (PEC and STCHJ- Q.. (k)

SOLAR THERMOCHEMICAL SYSTEMS 0 <1
_ my, ko) G (KWhkg™)

Among various performance metrics, the solar-to-hydrogen =
(STH) conversion eciency is one of the most important Qgolar(KWh) (11)
parameters in determining the levelized hydrogen production

cost*®? In particular, high STH conversiorciency alleviates Whereny, andm, are the amount of hydrogen produced over
the land requirements for a given hydrogen productiof unit of ime in mol and kg, respective@f,is the Gibbs free
capacity (e.g., kg/day) and lowers the balance of systegnergy of water formation in the liquid phaseQapgs the

cost. In both PEC and STCH systems, the STH conversiofcident solar energy over the same unit of time. Note that the
e ciency is not only dependent on the active materials, biaximum net work that can be extracted from the chemical
also on the cell or reactor designs. For STCH, the STH alggroduct is dened by G. When the purpose of the id the
depends strongly on the mirror collection goration, which ~ heat of combustion as opposed to net work, then that can be
determines the collection @ency. The most &ient is not extracted from it, HHV (if the water condenses in the process)
necessarily the most costative, which is an important or LHV (if the water does not condense in the process) should
consideration. be used in the STH leading to higheciencies than the

The denition of the STH conversion eiency is the ratio  mMaximum work metri€quation 1Zhows the instantaneous
of the work that the chemical product (hydrogen) can perfornsTH conversion eciency:
to the overall energy input (solar) to produce the product. S1 0 &1
Here, we conceptually include a fuel cell at the exit of both = M, (Mol ) G (kI mai*)
systems as it allows the combined system to be modeled as aS™"st Qo (kI ST)
work producing power cycle. Note that thenitien of the s1 0 &1
STH conversion eciency includes a time duration, e.g., an - My, (kg s") G’ (kWh kg™)
hour, a da_y, or a year. Wh_en the analysi_s of the system is just 360@, ., (KW) (12)
for an innitesimal unit of time, then the instantaneous STH
conversion eciency can be deed as the ratio of the power Wheren,, andm,, are the molar and massws, respectively,
that can be extracted from the chemical product (hydrogen) tof hydrogen produced at this speaioment an@,, is the
the overall power input to produce it (solar) at that instant. incident solarux.

Table 1lists the relevant energies associated with water andin PEC system&,,.,is de ned as the total solar energy that
hydrogen, including the standard Gibbs free energy egaches the photoactive part of the PEC device. We note that
the sunlight collection area in PEC devices is often comparable
Table 1. Lists of Standard Gibbs Free Energy of Formation to the photoelectrochemically active area. The instantaneous
( G, Standard Enthalpy of Formation {H°), STH conversion eciency device is often evaluated as follows:

Vaporization EnergyW,,y, and Isothermal and Adiabatic &0
Compression Energy«/‘(i),m)m'71 Un (V) Jp (MA cm™?) £ (%)

6P e phase of - kJimol KWhkg STHINSIPES) Right (MW cnt?)
ar)® water 2 2 e &
Q 298/1 liquid 237.1 32.7 1.23 — 1.23Vx %P (mA il )TEE (%)
HI-I(I)HV 298/1 liquid 285.8  39.4  1.48 100 mW cni? (13)
E:g : 298/1 gas 298.6 314 118 Wherel, is the PEC operating current density at 0 V vs
HO 298/1 gas 241.8 333 125 counter electrode potential,U,, = 1.23 V is the
hv) thermodynamic potential for water-splitfings the reaction
Wiap 298/1 liquid to 44.0 6.1 0.23 Faradaic eciency, andPy, is the incident light irradiance.
gas Equation 1lis often used to evaluate the daily or annually
Weomp iso  298/1 10 gas 14.5 20 008 zyeraged STH conversiorciency for PEC devices.
W 081 1o gas 38.3 53 0.20 From the energy eiency point of view, the vast maj.ority of
comp_ad 1637/350 the energy loss in the PEC system takes place within the PEC
devices (particle-based devices or planar catalyst coated
#The pressure of 350 bar is commonly applied in fuel cells. semiconductor based devices). The energy requirements in
3101 https://doi.org/10.1021/acsenergylett.1c00758
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the balance of system (BOS) for the PEC system are low. Forlt is important to note, that while drent denitions of the
example, optical components or heat management would rffH conversion eciency (for example, the dient
be needed for unconcentrated PEC devices at the system les®pression of STH conversiorciency ineqs 1land 14)
The energy requirements for pumping or circulation ohave their own merits in guiding the development of the
electrolytes within PEC devices are minimal at the systetachnology in theeld, simple comparisons between these
level. In addition, the product separation, which could requie ciency numbers with drent denitions could be
signi cant energy inputs in STCH, is often not a concern andhisleading. In addition, while the Gibbs free energy, which
would not need additional energy inputs in PEC systems duepresents the maximum extractable net work from the
to the incorporation of membrane separators. As a resuthemical products, should be used in the numerator in the
scaling up of PEC devices can often be achieved ly ciency denition, the use of G’ or Gg depends on the
multiplexing and connecting unit cells, and this approagbhase of the water at the system boundary. To compare
was demonstrated in literature showing comparable perforsetween PEC and STCH, we consider various power losses as
ance as a single Ccéfi’ Note that while the energy the input power from sunlight goes through the PEC and
requirements for PEXCBOS is low, the cost related to BOS STCH system. For PEC, we examined the loss mechanism in a
is not necessarily low. high-e ciency PEC devieas illustrated iffigure 8,b. See

In STCH systems, the energy used to produce the hydrogeletails of the quantation inFigures S2 and S3
necessarily includes energy collected by the concentratingrigure a starts from a standard AM1.5G illumination with
mirrors (typically a heliostagld but can also be a parabolic solar power of 1000 W fras design point (DP). Since the
dish concentrator) to project redirect the sunlight into aphotoabsorber can only absorb photons with energies greater
receiver, but can include an additional contribution of energtan the speat bandgap, for the InGaP/GaAs tandem cell,
to cover a series of the parasitic loads needed to drive tig9 W m? of power is usable, which corresponds to 27.1%
process. Among these loads, the most csighiare the loss from the spectrum below bandgae second power
receiver oxygen removal, the H,O separation work, and |oss originates from the less than perfesttigity due to the
the steam generation. Depending on the chosen operatingaterials in the optical pathway, such as catalyst or protective
conditions, the energy recovery system can or cannot cover thgers. In this case, an additional 7.4% is lost leading to 655 W
total demand of energy. Thus, when internal heat igm 2 in the remaining pow&t.The third power loss comes
insu cient, then it is necessary to include these added energggm the thermalization and recombination loss within the
contributions in the STH deition. Note that the primary photoabsorber at the operating voltage and current density.
energy resource to provide these parasitic loads may or nfFay the PEC assembly using InGaP/GaAs tandem photo-
not be from a solar origin, but for practical reasons it iabsorber and Ry®h NP catalysts for OER and HER, the

considered solar as the solar equivalent in the Shitiate operating current density, voltage, and resulting power are 15.7
Hence, the STCH community often expresses the STihA cm? 1.93 V, and 303 W & respectively. The
conversion eciency as follows: calculated thermalization and recombination loss is 35.2% of
0 $1 the total incident solar power. The energy output of PEC
- Ny, (mol) G (kJ mor") water-splitting device is then limited by Gibbs free energy of
STHISTCH Qi kI + Q,, (KJ) water formation. Hence, the last power loss can be contributed
0 51 to catalysis loss from the overpotentials for water-splitting
my, (kg) G (kwh kg'™) catalysis as well as polarization losses such as resistive loss due
Qgoiar(KWhH) + Q _ (KWh) (14) to ionic transport in the PEC device. With the addition of 11%

. . electrocatalysis loss of the total incident solar power, the
where Qs IS the incident solar energy calculated as theegiing hydrogen generation power from in the reported PEC
integral of incident solaux over the time duration analyzed ssembly is 193 W fnleading to a 19.3% STH conversion
andQ,,Iis the added energy input to cover the parasitic Ioacg ciency:*
of the process over the same time duration. There is NOThe thermalization and recombination loss is the major loss
consensus in the STCH community regar@ag, SOMe  hat js constrained by the detail balance limit (or Shockley

researchers include the process o_f solar collection and Othéﬁeisser limit). However, bandgap optimization can improve
not. To make a fair comparison with PEC systems, m® de o gevice eciency. Note that further reduction of the

Qsoiar@s the total solar energy that reaches the collection ar =ctrocatalytic loss based on Ri@ OER)/Rh NP (for

therefore, the collection losses and receiver re-radiation g R) catalysts will result in minimal improvement in the STH
thermal losses are included in thisitien. conversion eciency of the PEC assembly using InGaP/GaAs
tandem photoabsorber based on the load curve analysis (see

It is important to note that, while Figure SR Replacing the catalysts with nonprecious metal
di erent de nitions of the solar-to- catalysts will further increase the electrocatalytic losses and also
hydrogen conversion e ciency have results in signcant decrease in the STH conversiariency
. . - of the system because the operating points move sharply
their own merits in guiding the _ beyond the maximum power point of the PV curvereit
development of the technology in the tandem structures or triple junction cells with optimal
eld, simple comparisons between combinatiél)nt of dbar;_dgapf t\aalueis tWOUItd IyIi_e det_si_rtabl?ﬂ:o
; : ; accommodate reduction of the electrocatalytic activity of the
thesg & ClEnsy numbe_rs Wlth di erent catalyst§! Figure B shows our results from an annual average
de nitions could be misleading. based on GHI irradiance in Daggett (CA). Starting with

average solar power of 244 W, ithe 27.1% below bandgap
photon loss leads to remaining power of 178 W Alter
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Figure 5. Comparative examples of STH conversiooiency and power loss analysis between (a) PEC with AM1.5G irradiance, (b) PEC
with annual GHI irradiance in Daggett (CA), (c) STCH with 1000 W/iradiance, and (d) STCH with annual DNI irradiance in Daggett

(CA).

Figure 6. Schematic system diagram of the moving particle STCH system includingomiagthin arrows) and heatows (thick arrows).

considering 7.4% from eetion loss, we obtain a power of electrocatalysis loss. As the production rate of hydrogen scales
160 W m2 With the additional thermalization and linearly with the solar illumination in the optimized coupling
recombination loss of 36.1%, 72 ¥ mamains to contribute  between the light absorber and catalysts, the annual averaged
to hydrogen generation. Lastly, we account for the 10.28TH conversion eiency in the system considered here
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yielded the same STH eency as the instantaneous STH re ectivity and the cleanness of the mirrors used to
conversion eciency at the DP of 19.3%, with the hydrogenconcentrate the sunlight is not perfect and the mirror only
generating power going down to 47 W, morresponding to  re ects 87.5% of the incident sunlight (here, we are assuming
an annual 411 kWh &yr L. In other words, the losses are not 95% for reectivity, 95% for soiling, and 97% for the surface
dependent on the absolute illumination, in contrast to STCHg ective ratiof* Once the concentrated light reaches the
where some losses scale with illumination and othexedire aperture of the receiver, only part of the radiation falls within
independent of illumination. Hence, the annual averaghe aperture (here we are assuming 95%e aperture
e ciency in STCH ders from peak eiency noticeably intercept is the trade-dbetween maximizing the radiation
(see below). entering the receiver and minimizing the re-radiation losses
As pointed out earlier, the high STH conversiaieacy from the receivéf.At the DP, the sum of all these collection
does not necessarily lead to the low cost &itbased cellsin  losses is 16.8% of the total irradiance. Note that if the solar
PEC are also considered promising despite the limitation awollection technology is a heliostlt, the collection losses
the attainable STH conversiorceencyFigure S4evaluated  also include a cosine factor, shading and blocking, and
the loss of a 4.7% Si-based PEC device using earth-abungsdtgnuation from the atmosphere between the mirrors and
electrocatalyst materialé® The below bandgap loss, the receivét:
re ection loss, thermalization and recombination loos, electro-Once the concentrated sunlight reaches the aperture of the
catalysis loss accounted for 16.4%, 35%, 42.5%, and 1@AXeiver, another series of losses related with the receiver
respectivelyHigure S4a a ects the remaining solar irradiance. The receiver/reactor
Due to the low technology readiness level (TRLp the requires a controlled atmosphere and thus uses a transparent
STH conversion eciency of STCH plants is usually estimatedwindow over the aperture to isolate the reactor from ambient
through process simulatf@i® Many studies have proposed conditions. The transparency of this window is not perfect,
their own models obtaining €ient results as a consequencewhich results in a loss 06% of the impinging radiation.
of applying dierent assumptions. The results presented her€he receiver losses also include thermal losses from the
are representative of a continuous production (movingeceiver to the environment dominated by re-radiation, which
particles) STCH system with Ce@s the redox-active scales as the fourth power of the temperature, assuming no
materidl’ (seeFigure §. In the analyzed system, the active active window cooling required, which considerably reduces
material (orange thin arrows) moves in a loop betweenonvective loss&$” The reduction reaction occurs at a high
reduction, solidsolid heat exchanger, and reoxidation reactotemperature, and although we can reasonably assume that the
the N, (green thin arrows) moves in a loop between thereceiver is perfectly insulated the aperture of the receiver is
reduction reactor, gagas heat exchanger, andr@noval necessarily exposed to the environtiéutthe DP, the sum
system; and J@ (blue thin arrows) moves in a loop between of the receiver losses depends on the concentration ratio and
the reoxidation reactor, ggas heat exchanges,sdparation  the re-radiation temperature; with the assumptions here (1700
system and fuel cell. The solar technology used for tf&€ and 5000 suns, which is equivalent to 5 MW m
purposes here is a solar dish and a concentration ratio of 50008.4% of the total irradiance, hence the irradiance that
suns’® The production system consists of two countercurrenteaches the redox-active materigd4y W m?2. The material
reactors one each for reduction (oxygen production) andbsorbs the radiation (ideally the material is close to a perfect
reoxidation (hydrogen production). Underlying assumptionabsorber), which causes the material to heat and as it heats the
are that heat recovery can have attiweness of 85% redox-active estoichiometric metal oxide reduces and
between solid particles (sokalid) and 95% between gases releases oxygen (electrons from the oxygen anion stay behind
(gas gas)?® and the separation eiency is 10% with and nd a receptive cation to reduce). The absorbed energy is
respect to the minimum required for an ideal separationecessarily more than enough to split water. Hence, the second
proces$?®° For the purposes here, the oxygen removateaction step is exothermic.
technology is a nitrogen sweep gas with an initial partial The balance of system has a number of energy consuming
pressure of oxygen of 10 Pal@0 ppm at a standard processes that are important in estimating an overall system
atmosphere), aJfH , molar ow ratio of 5 and a conversion e ciency. Among the inevitable energy consumption of the
yield (H, product/H,O reactant) of 10%. Both nitrogen and system are theH of reduction for the material and the free
excess steam recycle after the reaction and after separatingetitergy of mixing of the gases,/Q¥ and Steam/k).
produced oxygen and hydrogen, respectively. The excess lhtmtever, since the unit operations phad H, separations
(from the exotherm of the reaction) in the reoxidation reactooccur at lower temperatures than the reoxidation temperature,
can serve as input heat to downstream processes that occurthiearejected heat (and exergy) from the reoxidation exotherm.
temperature lower than the reoxidation temperature (such @kerefore, H of reduction is the minimum energy needed to
producing steam from liquid water, in an oxygen removdrive the thermochemical process. Considering only this
device, and/or for the hydrogen separation); if irient, an energy expenditure, the thermochemical proceEney is
auxiliary heat contribution completes the energy balance. F051.7% accounting for 31.2% of the losses of the total
the purposes of illustration, the operating temperaturégadiance. Note that this value is dependent on the active
selected are 1700 and 98Dfor reduction and reoxidation, material, here ceria, and the operating conditions of the
respectively. system. Including realistic separationdieacies and heat
Figure 8,d shows the energy loss mechanisms in th#ansfer exergy destruction, the thermochemical process
selected STCH systerigure § starts from a solar irradiance e ciency drops to 34.6%. The heat recovery here reuses the
at a DP of 1000 W i a typical DNI value reached at noon unrecovered particle sensible heat in the solid heat
on a clear day. As soon as the sunlight reaches the surfacexathanger and the exothermic heat of reaction released in the
the solar collector, there are a series of collection losses, whiebxidation to heat the reactants and to supply the energy
reduce the solar irradiance entering the receiver. First, tdemand of separations of the product gasaadoH, from
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Focus Review

nitrogen and excess steam, respectively. When this enesigypual average based on DNI irradiance in Daggett, California.
balance is not seient, then an input of energy must be addedStarting with average solar power of 319 $Vthe annual
(Qauy Which in this example was not necessary. average STH conversionceéncy for this ceria example is

Figure 7shows the internal energy distribution for a STCH19.7%. Due to energy losses in the process, the system requires
system based on ceria at the DP and inevitabtdéneies. In ~ a minimum insolation level to operate. Taking a conservative
value of 300 W M4, 95% of the available solar energy is
above this minimum threshold. The annual collection losses
account for 21.0% of the total energy input. Heat losses from
the receiver increase when the concentrated irradiance is under
the DP DNI; hence, the annual average receiver losses increase
to 22.1% of the total losses. The thermochemical process
e ciency remains constant because a well-designed operating
control system would adjust the partiole to the amount of
radiation and because we are not considering losses from
thermal inertia in the reactors and heat exchangers at this level
of analysis. The annual thermochemical process losses account
for 37.3% of the total annual energy input.

If the solar technology used for the energy collection is a
heliostat eld with a solar tower instead of a parabolic dish, the
e ciency will be lower for both the DP and the annual basis,
due to several factors. Among these factors, mosesigaie
the cosine ect factor for the heliostatld (i.e., the reduction
of the eective reection area because heliostats do not point
directly at the sun), the atmospheric attenuation, the shading
and blocking of the heliostats at some solar angles, and a
higher receiver spillage (lower interception). The typical
collection eciency at the DP is 60%, and the concentration
ratio for thermochemical applications is 3000 (sometimes
including secondary concentrators, with additional collection

this example, the heat absorbed in the receiver is divided if@$Ses; hence, there is a tradbetween collection eiency

three terms: one to provide the reduction endotherm to mak@nd receiver eciency when determining the optimal
the reaction possible (43.3% of total) and two to compensaf@ncentration factor for performance and cost). The major
for imperfect heat exchangeeativeness heating both the factor in designing an optimized heliostad layout is the
sweep gas and metal oxide to the reduction temperature (1.89gin€'e ciency of the heliostat. This eiency depends on

and 20.3% of the total energy input for the gas and soli@0th the suls position and the location of the individual
respectively). The metal oxides carry the energy capturedhgliostat relative to the receiver. A tracking mechanism
the reduction reactor to the reoxidation reactor. Here, we c&sitions the heliostat so that its surface normal bisects the
account for four terms: one part is used to produce hydrogéigle between the Snays and a line from the heliostat to
(22.4%), a second part is the heat released by the exotherdfié tower. The ective reection area of the heliostat, as a
reaction (18.5%), a third part is sensible heat released q@s_ult_, is reduced 'by the cosine of one-half of this angle.AIess—
compensate for imperfect heat exchangstiveness on Optimistic scenario of the STCH based on heliostdt
cooling (20.3%), and theal part is second law necessary losgechnology, a reduction temperature of 160@nd a solid

in heat to H conversion (2.4%). The heat not converted intoSolid e ectiveness of 70% is includedanle S1Figure S4b

H, in the reoxidation step is available to drive all the remainir/@luates this less-optimistic scenario resulting in a 5.8% STH
auxiliary processes at lower temperature than the reoxidate#version eciency at the DP. However, it is important to
temperaturé® In our example here, the vaporization of thehighlight that Ce©is too di cult to reduce and the extent of
water consumed in the reoxidation is 3.8% of the total enerf§duction at 1500C is low, penalizing the system perform-
input. The heating of this steam and the recycled steam froRice. Other materials with better reduction capability could
the steamH, separation process to the reoxidation temperSighi cantly increase this STH conversioniency, which is

ature is 3.7% and 1.3% of the energy expenditure, respectiW¥fjere much of the forefront research is ongoing.

The separation of the,ldnd Q consumes 4.8% and 1.4% of
the total energy input, respectively. The remaining energy

http://pubs.acs.org/journal/aelccp

Figure 7. Energy distribution in a STCH system at the design
point: (i) from primary solar on the focusing mirrors for use in the
receiver, (i) from the receiver to water-splitting reoxidation
reactor and (iii) heat reuse for ancillary functions.

Another gure of merit to use for the

rejected heat, which accounts for 26.1% of the total ener
consumption and is available for use in other processes suct
electricity productioff> At the end of the STCH process, the
resulting Hgeneration power in the selected STCH system i
224 W m? leading to a 22.4% STH peak conversion
e ciency. Other redox-active materials with lowrerof
reduction than ceria could lead to higher STH conversiot
e ciencies.

When the DNI is lower than the DP (i.e., 1000 \&),rthe

e ciency decreases because some losses are constants arﬁ?ﬁr Pwn)
total

my, (kg)

not scale with the DNEigure 8 shows our results from an

3105

conversion e ciency for both technol-
ogies is the energy utilization number,
which refers to the total energy
required to produce 1 kg of H at
standard temperature and pressure.

Another gure of merit to use for the conversiogiency

th technologies is the energy utilization nurdber,
, Which refers to the total energy required to produce
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Table 2. Summary of Operating Conditions for PEC and STCH Systems

photoelectrochemical (PEC) solar thermochemical (STCH)
operating 5 to 80°C reduction: 13501800°C
temperature reoxidation: 6001250°C
illumination 0 mW cm?to 1 W cm? focal pointC 2500 5000 suns (2.5 MW m ?)
intensity up to 47.4 W cnt absorbing material: 260 W cm?
water condition liquid water or water vapor at ambiBraind steam at or below the oxidation temperature and typically 1 bar, usstesater
and utilization P, recirculate water/electrolyte during transformation, preferred 90% steam or below after reaction; recirculate the excess steam after
operation separating the H
hydrogen humidi ed H, at ambient temperature (beford, steam mixture (0.1 bar or higher) at the oxidation temperature (before separation)
output separation)
impact of partial 10 # bar (corresponds to 240 mV) 10 Pa (10" 10 2 bar) in the reduction reaction to increase reduction extent

pressure of O
capacity factor  24.4% in Daggett, CA, genef&ly30% 28.1% in Daggett, CA, without storage, preferred rand®@@%.7

spatial and constrained by the lowest rate of reduction and di erent reduction and reoxidation reactions that are spatially or temporally separated,;
temporal oxidation di erent reduction and reoxidation rates possible
constraints

potential sites potentially deployable over oceanwater, BMI > 6.5 kWh m? day %; land use; CSP screening
screening

1 kg of H at standard temperature and pressure. For then 2>* Proper thermal management is required under high
InGaP/GaAs cell with 19.3% STH conversiaiencyU = illumination conditions. Operation under high illumination
183 kWh kg' H,. With the annual GHI of 2138 kWh%in conditions signéantly reduces the materials costs associated
Daggett, CA, an averageprbduction rate of 0.032 kg day  with photoabsorbers but also requires more active electro-
m “ is feasible. It is important to note that the energycatalyst materials to operate at high productivity rates. STCH
utilization number is also dependent on tfe state of the  systems require high illumination conditions (highly concen-
H,; for instanceTable 1shows a calculated elience of 5.3  trated) to limit re-radiation from the high-temperature
kwh kg* H, between Kat 1 and 350 bar in an adiabatic requction reaction. However, that illumination is typically
pressurization process. For a STCH system with 19.7% anny@{ the illumination onto the active materials. A minimum
STH conversion eciencyU = 166 kWh kg" H,. With the b threshold is typically necessary to ensure that the receiver
annual DNI of 2791 kWh rhin Daggett, CA, an average H 565 not hit a stagnation temperature lower than the desired
production rate of 0.046 kg dag ?is feasible; note that this o,ction temperature. Note that the higher the concentration
result is for collection area, not for total land area. ratio, the lower the receiver re-radiation losses, but typically
accompanied by a higher cost for the solar collection;
therefore, it is a design parameter that should be optimized
PHOTOELECTROCHEMICAL AND SOLAR in a techno-economic analysis. In other words, the highest
THERMOCHEMICAL SYSTEMS e ciency system is not necessarily the most eatitre.
Table 2summarizes the @rences in operating conditions PEC devices use liquid water or water vapor as the input
between PEC and STCH systems. Most reported lab-scal@ter feedsto€k.For liquid water, various types of electro-
PEC devices operate at room temperature under varioWges including acid, base, or near-neutral pH electrolytes have
illumination conditions without careful control over thebeen emp|oyed’ and each has its own advantages and
operating temperature of the device. However, in the regfisadvantagé®’® °° Water vapor has also been used in the
world PEC devices will likely need to operate above thgesign of PEC water-splitting devices, where no bulk liquid
freezing point of the electrolyte, or@0under concentrated ,5ter is required for the sustained cell opefatidre water
sunlight. The trade-s of operating at elevated temperature yoeg not go through phase changes in the PEC device and is
have been investigaféd: While the increased temperature qfion recirculated in the device to minimize any pH gradients
IMproves the kinetics for the water-splitting reaction, it also hﬁf‘the electrode surface and electrodialysis losses in'the cell.
gﬁg(')??)ig}age ?r?cézn?rgstthngﬂf%rprz?z;gg ;tf t\}vr:)idd?rr]]tom_ The energy required to recirculate water or electrolyte is
temperatiJres, one température for each reactionCLREES n_egli_gible in comparison with energy losses associatec_j yvith
high as 1806C in the reduction reactor (oxygen production) kmetl'c og\éerpotenuals for catalysts or overall water—;phttmg
and 600 1250°C in the reoxidation reactor {droduction). reactions: .STCH systems use supe_rhe_ated steam typically at
S-[eﬁmosphenc pressure. The reoxidation reaction depends

The choice of these temperatures is a critical factor in the o
conversion eciency. On the one hand, a high reduction SENSitively on both temperature and the amount of excess

temperature favors oxygen production from the redox-actifiéam relative to available oxygen ion vacancies. The higher the
material, while a low reoxidation temperature favors He€oxidation temperature, the larger the amount of excess steam
production and reduces the excess steam requirements. @i¢ded to drive the reaction to near completion, whereas a
the other hand, the temperature gap increases the hd@yer reoxidation temperature requires a large amount of
requirements of the cycle, challenging tbeecy even with ~ sensible heat to be shed after the reduction step and then
a fairly high (as used here) heat recovesgtigeness. The injected to raise the temperature of the metal oxide for the
optimal values depend on the thermodynamics of the redoseduction step. Steam recirculation (avoiding the phase change
active metal oxide used. as discussed above for PEC) and high heat recovery

PEC devices can operate at a wide range of illuminati@nectiveness are critical to reduce the heat system require-
intensities from close to zero illumination to as high as 474 Wients.

OPERATING CONDITIONS FOR
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The H, produced from PEC devices is often hueddiand the metal oxide inventory in the design of the system, thus
additional processes will be required to remove the water vapaving eciency and cost implications. Nevertheless, the
from H,; however, the output,Hs relatively pure, with capacity factor for STCH is constrained by the minimum
minimal gas impurities such as @ STCH systems, the annual DNI needed to build a costative plant (desirable to
production of His at the reoxidation temperature (60260 have 6.5 kWh/fday, but it will come down to the
°C) in a mixture of excess steam. The process for separatioreebnomics) and maximum storage capacity. Note that
H, from the steamH, mix contributes to the total energy although a capacity factor of 100% is potentially achievable,
consumption. Optimizing the temperature and approach to ttibe cost of the redox-active material and the insulation of the
H./H ,O separation will be important; however, to date theretorage will likely be limiting and will determine viability.
has not been much research attention to this important part of
the system. The lower the separation temperature, the lower CHALLENGES AND OUTLOOKS
the theoretical energy of separation. Nevertheless, the lov@istainablégreefi hydrogen generation will be a crucial
the separation temperature, the greater the demand gasgas element for deep global decarbonization across multiple
heat recovery or recovery of the vaporization energy if tlsctors in society. Low-temperature electrolysis (LTE) using
steam condenses. There is a reasonable consensus in di@line (AEM) and proton exchange membrane (PEM)
STCH community that avoiding the gas-to-liquid phaselectrolyzers has recently received renewed interest in many
transition and doing the separation in the gas phase wibuntries; the largest alkaline electrolysis system was deployed
require less overall energy demand. After separatingithe Hin Aswan Dam at a capacity of 165 MW in the 1960s. While
will be necessary to pump it up to the required deliverthe direct solar-to-hydrogen technology pathways, including
pressure. PEC and STCH, have a sigaintly lower technical readiness

The partial pressure of, @ the anode chamber for the level (TRL) based on the demonstrated scale as well as the
PEC device will change the equilibrium potential for OER, aridngevity of the demonstrated systems, there are unique
as a result, the required total voltage for water-splitting will lspects of these pathways when compared tb EGIE.
reduced as the partial pressure ofl€@reases in the anode example, direct solar-to-hydrogen pathways can be advanta-
chamber. For example, if the partial pressurgiofi®* bar, geous in locations without reliable electrical grid infra-
the total voltage for the water-splitting reaction reduces tstructures, as they can avoid electrical transmission lines and

240 mV based on the Nernstian relation. Oxygen removallssses. For PEC water-splitting, the largest photoactive area
another critical aspect of STCH systems. A redygeatt(al demonstrated to date wad n¥, in which the highest
pressure is a requirement in the reduction reactor to increasgdrogen production rate 00.65 g/day and STH conversion
the reaction extent for the oxides (as it increases the entropyciency of 0.4% were achieved witked Al-doped SrTiO
production for the oxygen to go from bound in the lattice tgphotocatalyst systémHighly e cient PEC devices that
the gas phase). The current metal oxide materials suggestorporate legacy PV materials, such as Si and Il
partial pressures of 1100 Pa will be necessary (lower is semiconductors, exhibited STH conversiatieacy >10%
desirable, but reducing the partial pressure has a numberaofd longevity of the device from tens to hundreds of hours of
associated challenges). @dtjh lower partial pressures operation” “®For STCH, the largest demonstration facility is
increase the extent of reduction (the amount ef o in the range of 750 kW, which had thneed-bed reactors,
stoichiometry), it also introduces an engineering challengsith two containing NiF®, and one with CeQas redox-
and considerations of the rapidly increasing volmmevill active materiafS;no e ciency has been reported for that
determine ultimate limitations. Vacuum pumping and inert gaemonstration. Experimentally, the maximuroieacy
sweeping are the main technologies to achieve these logported for a thermochemical cycle has been 5.25% in a 4.1
oxygen partial pressures, and both have advantages &Md xed-bed reactor with CeQperated in a solar
disadvantages discussed in the litefaftiralternatives that ~ simulator®® Among the redox-active materials for two-step
are also being explored recently include thermochemidal'CH water-splitting, only ferrites and £le&sed materials
pumping and sorption pumping/separatich. have been demonstrated on a pilot $¢aed only Ce@has

The capacity factor, deed as the ratio between the actual shown excellent cyclability and longevity with hundreds of
energy output and output if operated at maximum capacity aycles®?
all times, is quite similar for PEC and STCH, as they are both

direct solar technologies and operate when the sun is shinir  “\N/hile the direct solar-to-hydrogen

For PEC devices, the overall rate of prbduction is .
constrained by the lower of the two rates, water oxidation ¢ teChnOIOQy pathways have a e

proton reduction. In other words, the OER at the anode anc Cantly lower technical readiness level
HER at the cathode must always be rate-matched. Note that based on the demonstrated scale as

is possible to achieve a higher overall capacity factor of tI \yel|| as the Iongevity of the demon-

PEC system with redox couples or redox carriers that separi :
HER and OER spatially and temporally to achigve H strated systems, there are HIIgLc

production at night. PEC systems that produgesiti G aspects of these pathways when

in two steps would share many system-level consideratio compared to low-temperature elec-

with STCH systend$® For STCH, the reoxidation reactor trolysis”

and the reduction reactor can (but do not necessarily) opera '

at di erent rates, even in a continuous cycle. Furthermore, it is

possible to store the reduced metal oxide (containing the In a PEC system, the discovery of durable, exdive, and
oxygen vacancies) and reoxidize when the sun is not shiniegcient photoelectrodes remains the top challenge for this
however, doing so has implications for the heat integration atethnology. Despite approaching 20% STH conversion
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e ciency, the stability of the state-of-the-ariVIlandem- Considering the STCH system design, the reduction of heat
based device still remains a limitation. Protecting the higlesses and heat requirements to the auxiliary systems would
e ciency photoelectrodes that use traditional PV materiaiscrease the overall systentiency to approach theoretical
from corrosion in water-splitting condititi§}%'°3%*and  value$®“! An e cient heat recovery system is necessary to
discovering new PEC-unique photocathodes or photoanodagtimally select the temperatureedéince between the
with semiconductor/electrolyte junctions, are two strategieduction reaction (Oproduction) and the reoxidation
approaches to improve the performance of the photaeaction (H production) without adversely eating the
electrode&*'*°° A portfolio of materials are available for STH conversion eciency and taking advantage of a higher
e cient and relatively stable operation of OER and HER in aleduction extent and higher water conversion yield (i.e.,
pH regions. Notably, Earth-abundant, mixed-metal oxidd#niting the amount of excess steam). Developingetive
such as NiFeQare often good candidates for OER, and mixedcost and performance) sol&blid heat exchange is a
metals, such as NiMo, are often good candidates for HER ¢hallenging endeavor, and no one has yet demonstrated 80%
alkaline conditior’§:°° *°¢ However, discovery of @ent e ectivenes¥’?°%*?2 Removing oxygen from the reduction
and stable OER catalysts with Earth-abundant materials rigactor is the other auxiliary system technology receiving more
acidic conditions is not yet in hdfid.One unique  attention, although not endugttention for real-world
requirement for optimal catalysts for PEC water-splitting @pplications. Technologicapproaches to achieve the
the optical transparency of the catalyst to facilitaiens necessary low oxygen partial pressures must be energetically
light collection; various strategies that optimize the light pat cient and economicallyaadable. Currently, a second law
at the electrolyte/catalyst/semiconductor interfaces can further ciency of 10% in N O, separation is considered acceptable
boost the device &iency and expand the materials in electrically driven devices. The development of thermally
selection$® 116 In addition, little is known about dynamic driven oxygen adsorption/desorption cycles could increase the
operations (diurnal cycles and bad weather days) and th&TH conversion eciency by using internal and low-quality
impact on catalyst materials, which would be necessary pocess he&t Although less studied, the/f,O separation
understand for real-world operation. For PEC devices, recgiipcess is also critical to achieve a high STH conversion
demonstrations of unassisted PEC water-splitting with variogsciency. An ideal #H ,0 separation process would reuse
con gurations exist, with STH conversiorciencies that the residual process heat from the reoxidation reactor and
exceed 10% and device stability in the range of tens &eparate both substances in the gas phase, preventing the water
hundreds of houfs.°® However, signcant challenges Pphase change, as recovering the latent heat is typically a greater
remain in bringing the current PEC scale (typically <0.01 g¢hallenge than achieving higlectiveness gagas heat
day) to the bench scale (0.1 kg/day) or subscale (2 kgeéxchange, since >90%aiveness for gas-phase recovery at
day)’%"® In addition, standardization of device architecture§igh temperature has been reported in the litetature.
and benchmarking conditions are important to meaningfullylore generally,nding optimal operating conditions or the
compare results and performances acrossenti PEC ideal discoverable material does not enjoy consensus in the
materials from the research commuhitpeveloping long-  €ld.
term stability protocols and corrosion analysis at the Due to the high solaruxes and high temperatures, in
component level and at the device level also remains t§J CH, the receiver/reduction reactor is one of the most risky
priorities for the PEC community for the near future. and critical components of the plant. It should be fabricated
For STCH systems, the discovery of a new redox-activéth materials resistant to severe thermal shocks and be able to
material able to reduce the solar input requirements per mokork under high-temperature and oxidizing environments,
of H, produced while preserving good water-splittinghoting that the materials are releasing oxygen inside of the
thermodynamic and kinetic attributes is the top challenge fégduction reactor. Nevertheless, the materials, the reactors, the
this technology. Furthermore, this ideal redox-active materf¥@at exchange and heat integration, and the separations each
should show fast redox kinetics, high cyclability, high thernface challenges for the approach to achieve its potential. Most
stress resistance, high thermal and oxygen ion conductivi¥j the focus has been amding a material that is as good as
and low cost*® Currently, researchers in theld consider ~ Ceria where ceria excels, and better than ceria where ceria falls
ceria the state-of-the-art, as it is the most investigated matefi@@rt (namely striking the optimal balance betweenilt
and it exhibits very good reoxidation properties, excellent high-reduce and diculty to reoxidize). The reoxidation reactor
temperature stability, excellent cyclability, very good cot§ less risky than the reduction reactor from the point of view
ductivities, and fast kinetit®:'® However, ceria is too Of materials, as its operating conditions are milder. However, it
di cult to reduce, pushing the reduction temperature up té just as critical. The heat captured in reoxidation plays an
1500°C or higher, or requiring a very lowprtial pressure essential role_ln the STH con_v_ersioniency, as it can be
(e.g., very high sweemws) to obtain an appreciable reused to drive all the auxiliary processes of the plant.
reduction extent under inert gas sweépifigon the other Currently, no reactor design has this feature developed.
side, ceria is very easily reoxidized, allowing b H
conversion (>10%) at high reoxidation temperatures (>1000 “Both photoelectrochemical and solar

°C). A material like ceria with lower reduction enthalpy chang thermochemical Water-splitting sys-

(e.g., 15% lower) and similar reduction entropy change c
slightly lower would reduce more easily while preserving tt tems can be extended to other reac-

adequate reoxidation thermodynamics and kinetics. Howev: tions, such as C@reduction and N,
keeping the solid-state entropy change in reduction similar 1 reduction.”

that with ceria while reducing the enthalpy change may or me.,

not be possiblé® Next best will be to tune the enthalpy of

reduction and maintain a sigraint solid-state entropy change.
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