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High-temperature isothermal chemical cycling for
solar-driven fuel production

Yong Hao,*ab Chih-Kai Yanga and Sossina M. Hailea

The possibility of producing chemical fuel (hydrogen) from the solar-thermal energy input using an

isothermal cycling strategy is explored. The canonical thermochemical reactive oxide, ceria, is reduced

under high temperature and inert sweep gas, and in the second step oxidized by H2O at the same

temperature. The process takes advantage of the oxygen chemical potential difference between the

inert sweep gas and high-temperature steam, the latter becoming more oxidizing with increasing

temperature as a result of thermolysis. The isothermal operation relieves the need to achieve high solid-

state heat recovery for high system efficiency, as is required in a conventional two-temperature process.

Thermodynamic analysis underscores the importance of gas-phase heat recovery in the isothermal

approach and suggests that attractive efficiencies may be practically achievable on the system level.

However, with ceria as the reactive oxide, the isothermal approach is not viable at temperatures much

below 1400 1C irrespective of heat recovery. Experimental investigations show that an isothermal cycle

performed at 1500 1C can yield fuel at a rate of B9.2 ml g�1 h�1, while providing exceptional system

simplification relative to two-temperature cycling.

I. Introduction

It has recently been demonstrated that ceria (CeO2) and its
derivatives (e.g., rare-earth doped ceria) can be used effectively
in solar-driven two-step thermochemical cycles for the production
of H2 and/or CO from H2O and/or CO2.1–7 The reaction scheme, as
written out explicitly for the case of H2 production from H2O, is
given as

ðHigher temperature; THÞ
1

dred � dox
CeO2�dox !

1

dred � dox
CeO2�dred þ

1

2
O2ðgÞ

(1)

ðLower temperature; TLÞ

H2OðgÞ þ
1

dred � dox
CeO2�dred !

1

dred � dox
CeO2�dox þH2ðgÞ

(2)

Total H2OðgÞ !
1

2
O2ðgÞ þH2ðgÞ (3)

where dred and dox are the oxygen nonstoichiometry of ceria at
equilibrium under thermal reduction (eqn (1)) and thermochemical
oxidation (eqn (2)), respectively. To date, full demonstrations

incorporating such a strategy have validated the technological
viability of the approach, but efficiencies in the solar-to-fuel
conversion process have been limited to a few per cent.7,8 While
such values are significant in light of the infancy of this
technology, substantial advances are necessary for true commercial
viability. To this end, considerable efforts are being directed
towards the design of reactors that provide inherently higher
efficiencies. A key issue is the recovery of heat from the reactive
oxide, which, by definition of the two-temperature cycle, undergoes
temperature swings of several hundred degrees. Reactor designs
incorporating strategies for solid state heat recovery have been
proposed and are under development,9,10 however, maintaining
dimensional stability of high temperature moving parts, as
required by these designs, has proven daunting.11 Given the
inherent challenges of solid state heat recovery, it is valuable to
consider thermochemical approaches to solar fuel production
that eliminate the large temperature swing of the solid phase.
We present here precisely such an approach.12

It is well known that with increasing temperature, the
dissociation of steam to hydrogen and oxygen becomes increasingly
favored, that is, thermolysis occurs.13 Thus, steam at high
temperature is in equilibrium with a higher partial pressure of
oxygen than it is at low temperature, and, as a consequence,
steam is effectively more oxidizing at high temperature than at
low temperature. Recognizing this characteristic, we explore here
an isothermal cycle in which ceria is held at high temperature
and is sequentially exposed to (1) inert gas with low oxygen
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partial pressure, a step which reduces the oxide, and (2) steam,
the reaction with which releases hydrogen. The reactions are
formally identical to those given in eqn (1) and (2) above, but with
TL = TH. Using as an example the measured non-stoichiometry of
ceria at 1500 1C, the cycle can be understood as proceeding
between positions (a) and (b) in Fig. 1.

In contrast to a two-temperature approach, the isothermal
process fundamentally relies on the reducing potential of the
inert gas in addition to the oxidizing potential of steam.
Furthermore, because the driving force for the oxidation of
the ceria is lower at high temperature than it is at low
temperature, one can expect that the fuel produced per cycle
of the isothermal strategy will be lower than that of the
conventional, two-temperature cycle. On the other hand, one
can also anticipate substantial system simplifications under
isothermal operation as a result of the elimination of solid-state
heat recovery as a requirement for high efficiency. In addition,
the reactor can be designed to minimize heat losses without
repercussions in terms of difficulty in removing heat to reach a
low temperature for the hydrolysis step. In order to achieve
high efficiency in the high-temperature isothermal cycle, heat
recovery from the fluid phase, which is now cycled over a very
wide temperature window, can be expected to become extremely
important. That is, in moving from a two-temperature to an
isothermal strategy, the burden of heat recovery is shifted from
the solid to the fluid phase, where the latter is a more tractable
problem with demonstrated technological solutions.14 The aim of
this work is to provide a preliminary analysis of the conditions that
can potentially result in high-efficiency cycling as well as to present
preliminary data demonstrating the viability of this new strategy.

II. Analytical methodology

A numerical study was undertaken to evaluate the efficiency
characteristics of the proposed cycle. The objective is to evaluate
the plausibility of the proposed cycling strategy rather than to
provide an in-depth analysis of any particular configuration. The
latter would require detailed knowledge of the configuration of

the reactor in which the process is performed, as well as the
kinetic and microstructural properties of the material, aspects
which are premature to establish for an initial analysis. For the
present purposes we take the kinetics to be infinitely fast in order
to consider the material thermodynamics limit under assumed
global behavior of the reactor. The overall process is broken up
into the two steps shown in Fig. 2. The first step is the high
temperature reduction of ceria, and the second step, with three
parts, is the process of heating steam to the temperature at which
the first step is performed, reacting it with the reduced ceria, and
then cooling the generated hydrogen back to room temperature.

The thermodynamic efficiency of the solar-to-fuel conversion
process is simply the ratio between the energy content of the fuel
produced to the input solar energy. Assuming the hydrogen
energy content to correspond to its higher heating value (HHV,
285.8 kJ mol�1) and performing the calculation on a per-mole-of-
hydrogen basis, the efficiency is6

Zsolar-fuel ¼
285:8 kJ

Qsolar
(4)

where Qsolar is the total solar energy input required to produce
one mole of hydrogen. For the process described in Fig. 2, Qsolar

consists of (1) the heat input to reduce ceria at the operational
temperature and (2) that required to vaporize water and heat
steam to the reaction temperature, modulated by the solar
absorption efficiency. For notational convenience and consistency
with our previous work6 we consider the ceria non-stoichiometry
at the initiation of the oxidation half-cycle to be the initial value
(di). For a change in ceria nonstoichiometry of Dd = di � df upon
reduction (where df is the final value), the first term is

Qredu ¼
�1
Dd

ðdi
df

DHceriaðdÞdd (5)

where DHceria(d) is the oxidation enthalpy of ceria, defined on a
per mole of (atomic) oxygen basis.15 To vaporize and heat nH2O

moles of water/steam from 25 1C to the operational temperature,
T, the required heat input (i.e. the second term) is

QH2O

¼ nH2O

ð100 �C
25 �C

Cp;H2OðlÞdT þ DH100 �C
H2OðlÞ!ðgÞ þ

ðT
100 �C

Cp;H2OðgÞdT
0

� �

(6)

Fig. 1 Isothermal cycling strategy overlain on oxygen non-stoichiometry of
CeO2�d at 1500 1C, the latter after Panlener.15 Example shown here is for reduction
under an inert gas stream with 10 ppm (residual) oxygen and hydrolysis under
0.15 atm steam, implying a theoretical Dd as shown and a fuel productivity of 4.0 ml H2

(standard pressure and temperature, STP) per gram of ceria. Labels (a) and (b) stand
for the reduced and oxidized states of ceria, respectively.

Fig. 2 Schematic of isothermal cycling showing the steps in the overall process.
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where nH2O is the number of moles of H2O, DH100 �C
H2OðlÞ!ðgÞ is the

molar latent heat of vaporization of H2O at its boiling point under
1 atm, and Cp,H2O(l) and Cp,H2O(g) are, respectively, the molar heat
capacities of the liquid and the vapor phase H2O at constant
pressure.16

From the perspective of mass balance just one mole of water
is required to produce one mole of hydrogen and hence nH2O in
eqn (6) is just equal to 1. Thermodynamic considerations,
however, dictate that the number of moles required to reach
a target value of df is generally greater than nH2O = DdnCeO2�di

. On
the other hand, increasing the moles of H2O delivered to the
reactor will increase the input enthalpy, potentially without
increasing the fuel produced. To allow for and explore the
consequences of varying the quantity of H2O, the calculations
were performed using rH2O = nH2O/dinCeO2�di

as a variable.
Specifically, di was first taken as an input from the initial
equilibration in the reduction step, assuming an open system
with fixed pO2

. The value of df was then computed for each value
of rH2O assuming a closed system of variable size and a fixed
pressure of pH2O = 1 atm. The quantity of fuel produced is
simply Dd. Evaluation of di and df was achieved using the
thermodynamic data reported for the reduction of ceria.15

Specifically, Panlener et al. have determined the enthalpy and
entropy terms in the expression

DG(d,T) = DH(d) � TDS(d) = RT ln pO2
(7)

over the d range from 1.07 � 10�3 to 0.27 and the temperature
range 750 to 1500 1C, where the temperature dependence is
found to be negligible. Inverting eqn (7) for the pO2

under
reduction yields di, whereas a closed-system equilibrium analysis
using the given rH2O and the thermodynamic properties of
water16 in combination with eqn (7) yields df.

6

The sum of the enthalpy inputs required to achieve the
chemical and thermal changes described above, eqn (5) and (6),
is denoted simply QTC. Beyond these direct heating requirements,
the inefficiencies of the solar absorption process must also be
accounted for. Assuming the reactor cavity to behave as a black-
body receiver and further assuming perfect solar collector optics,
the losses due to solar absorption inefficiencies imply an increase
in the solar energy input beyond the sum of the enthalpy inputs for
the chemical and thermal transformations according to

Qsolar ¼
QTC

ZabsðT ;CÞ
(8)

where the absorption efficiency, Zabs, is a function of both
T and concentration ratio C.13 Re-radiation losses are then
simply given as

Qrerad = Qsolar � QTC = (Zabs
�1 � 1)QTC. (9)

We take C = 5000, corresponding to an incident radiation flux
of 5 MW m�2.

In an operational reactor, low-partial-pressure oxygen premix
in inert gases is used to set the oxygen chemical potential in the
gas phase and flush released oxygen away in the reduction step.
Such inert gases will also require heating, but assessment of

these enthalpy inputs requires detailed knowledge of the
quantity of carrier gas required per mole of hydrogen produced,
requiring, in turn, detailed knowledge of the reactor gas flow
dynamics and materials microstructure. More importantly, the
use of inert gases can be replaced by mechanical pumping to
achieve identical functionalities mentioned above, for which
the work consumption is negligible compared with that of the
total solar energy input. For example, to pump 0.5 moles of
oxygen from 10�5 atm to 1 atm (in order to produce 1 mole of
hydrogen), the work consumption (W = nRT ln(patm/pO2

)) is
14.26 kJ, corresponding to 0.2% or 1.1% of the total solar
energy input at 1500 1C with 0% or 90% heat recovery from
water, respectively. For this reason and to facilitate a materials-
focused analysis we omit the inert gas heating term. Doing so
also permits a direct comparison with previous analyses in which
this inert gas heating requirement was similarly omitted.6,17,18

In contrast to the amount of inert carrier gas utilized, the
quantity of steam utilized is set as an input parameter and thus
it is possible to directly evaluate the impact of heating and
cooling H2O (or cooling product gases, O2 and H2). In addition,
because gas phase heat recovery is a demonstrated technology,
it is valuable to explore the influence its implementation would
have on the overall solar-to-fuel conversion efficiency. The
process is treated here simply by defining f as the fractional
reduction in the amount of input heat required to achieve high
temperature steam as a result of heat recovery from the exhaust
gases. In this way, QH2O is redefined as QH2O

0 = (1 � f )QH2O. By
this definition, f is not precisely the fraction of heat recovered
from the exiting gases because the heat capacity of oxygen and
hydrogen does not precisely sum to the heat capacity of steam,
but it provides a sufficiently close approximation in light of
other assumptions. With this definition, and ignoring the
potential for solid state heat recovery from the ceria oxidation
step, eqn (2), we arrive at the final expression for the solar input:

Qsolar ¼
ð1� f ÞQH2O þQredu

� �
ZabsðT ;CÞ

; 0 � f o 1 (10)

The numerical procedure was implemented using an in-house
Python code.

III. Computational results

The first parameters explored are rH2O and T, with no heat
recovery, where rH2O, again, is the molar ratio of input H2O
(nH2O) to oxygen vacancies in the reduced ceria (dinCeO2�di

). A
base-case of efficiency as a function of rH2O is presented in
Fig. 3, for temperatures in the range from 1500 to 1900 1C.
Along with this are presented an evaluation of the component
enthalpy inputs, QH2O, Qredu, and Qrerad, for the limiting case of
very low rH2O (=10�4), Fig. 4, and the dependence of the extent
of H2O conversion to H2 (conversion rate) on rH2O, Fig. 5, for the
various temperatures represented in Fig. 3.

Two efficiency trends clearly emerge. First, the efficiency
increases with temperature. Second, for each temperature, the
efficiency monotonically increases with decreasing rH2O,
approaching a temperature-dependent limiting value as rH2O - 0.
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These trends can be understood on the basis of the behavior
captured in Fig. 4 and 5. Specifically, it is apparent that QH2O is
the dominant enthalpy input at all temperatures, with its
magnitude monotonically decreasing with increasing temperatures,
Fig. 4. This decrease results because thermolysis depends
exponentially on temperature through the dissociation reaction

H2O$ H2 þ
1

2
O2; KH2O ¼

PH2
PO2

1
2

PH2O
¼ exp

�DGy

kbT

� �
(11)

where DGy is the standard free energy of the reaction and kb

is Boltzman’s constant. Thus, each incremental increase in
temperature produces an ever greater extent of H2O dissocia-
tion and ever greater thermodynamic driving force to oxidize
the reduced ceria and release hydrogen. Consequently, less and
less H2O is required to achieve a given final non-stoichiometry
(df) and thereby to generate a given amount of fuel. A smaller
amount of H2O implies a proportional decrease in QH2O. In
contrast, the enthalpy input required for ceria reduction is
virtually independent of temperature. This reflects the fact that

DH(d) is itself independent of temperature,15 and that the range
of d spanned over the cycle, between di and df, is relatively small
such that the slight dependence of DH on d does not play a
significant role. The third term, Qrerad, decreases slightly with
increasing temperature. This is a simple consequence of the
fact that the reradiation losses are proportional to the sum of
all of the other enthalpy inputs (eqn (9)). In sum, just as in two-
temperature cycling, efficiency monotonically increases with
increasing operating temperature, with the operational limits
being largely set by the properties of the reactor housing
materials rather than the efficiency benefits afforded by the
reactive oxide.

Turning to the dependence on rH2O, one observes that the
efficiency, Fig. 3, tracks almost precisely the H2O conversion
rate, Fig. 5. The latter, in turn, reflects the competing thermo-
dynamics of H2O thermolysis, and ceria reduction and the
dependence of Z on rH2O can be understood as follows. In the

limit of very high water input (rH2O - N) the vapor phase
effectively becomes, as a result of thermolysis, an infinite
source of oxygen atoms, and its composition is unchanged by
reaction with ceria. This results in a conversion that falls to
zero. The extent to which ceria can be oxidized by this infinite
source is, in fact, finite, with a final nonstoichiometry df*
dictated by the oxygen partial pressure of the steam. Excess
steam beyond that required to convert CeO2�di

to CeO2�df� will

simply add to the QH2O budget without yielding additional H2

such that the efficiency falls to zero.
In the converse limit (rH2O - 0), ceria now acts as an infinite

sink for incorporating oxygen from the gas phase, without
noticeable impact on the ceria non-stoichiometry and thus on
the chemical potential of oxygen within the ceria. Although
df E di in this limit, the conversion of steam to hydrogen is
finite, and the reaction comes to an end when the gas-phase
chemical potential of oxygen falls to the value of the chemical
potential of oxygen within the ceria, that is, when mgas,final

O =
mceria

O (di). Because di is obtained by equilibration with a gas of
known oxygen partial pressure, this equality can be rewritten as

Fig. 3 HHV efficiency of ceria isothermal cycling versus water-vacancy ratio rH2O

without heat recovery.

Fig. 4 Components of the total enthalpy input necessary for the production of
1 mole of H2 without heat recovery for rH2O = 10�4.

Fig. 5 Percentage of H2O converted to H2 as a function of the water-vacancy
ratio rH2O at selected temperatures.
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pO2
(steam, final) = 10�5 atm. Regardless of the total amount of

H2O supplied, attaining a given mgas,final
O at a given temperature

requires conversion of a fixed fraction of H2O to H2, thus,
the conversion tends to a constant value. The temperature
dependence of the limiting value of rH2O arises from the fact
that, due to thermolysis, mgas,initial

O increases with temperature,
and thus a greater fraction of H2O must be converted to reach
the unchanged value of mgas,final

O . For isothermal operation,
there is no penalty for utilizing greater and greater quantities
of oxide and hence the fixed conversion in the rH2O - 0 limit
translates into a fixed efficiency. Realistically, however, one
cannot expect the efficiency to remain high as rH2O tends to zero
because maintaining a large quantity of reactive oxide at high
temperature is unlikely to be possible without some heat losses.
In addition, ever greater quantities of carrier gas would be
required relative to the number of moles of H2O and any heat
losses due to less than 100% heat recovery from this gas would
also be increasingly significant as rH2O - 0.

The results in Fig. 4 emphasize the potential for increasing
efficiency by heat recovery from exiting steam and product
gases, H2 and O2. The extent to which f, where f represents
the efficacy of heat recovery (eqn (10)), can influence overall
efficiency is illustrated in Fig. 6 for the case in which rH2O =
10�4. As would be expected, efficiency increases monotonically
with increasing extent of heat recovery. Significantly, the results
suggest that attractive efficiencies may be possible in isothermal
cycling given a combination of sufficiently high temperature
operation and sufficiently large f.

The overall dependence of efficiency on rH2O in the case of
non-zero heat recovery, Fig. 7, is similar to that in which no heat
is recovered (Fig. 3) but the upper-limit efficiency (as rH2O - 0)
becomes significantly higher for all temperatures. Another
noticeable difference in Fig. 7 compared to Fig. 4 is that
the flat, high-efficiency region of rH2O becomes wider, with
the turning point around rH2O = 1. This value is technically
meaningful, for the isothermal cycle can be operated with just
the right amount of material, both steam and oxide. It reflects
the fact that the ceria is easily reoxidized.

In contrast to the zero heat recovery case, increasing
temperature, while beneficial in the low temperature regime,
does not lead to further increase in efficiency beyond 1800 1C.
This is because the decrease in the energy cost for heating
water, (1 � f )QH2O, is eventually outweighed by the increase of
Zabs

�1 (Table 1). This turnover occurs at lower temperatures
with heat recovery than without simply because the efficiencies
are much higher.

With high levels of heat recovery, the enthalpy budget in the
low-rH2O limit, Fig. 8, reflects the fact that, by definition, QH2O is
small, and hence the enthalpy inputs are dominated by that
required to reduce ceria. As in the case of no heat recovery,
efficiency increases with temperature because less and less H2O
is required per mole of H2 produced as a result of the increasing
oxidizing power of H2O with increasing temperature. In this
case, however, there is an upper limit within the temperature
range explored and efficiency ultimately plateaus at the highest
temperatures due to the reradiation losses already discussed.

With this backdrop, it is of value to compare the efficiency of
isothermal cycling to that of two-temperature cycling. For the
latter, the efficiency is calculated using the procedures outlined
in ref. 6, in which the enthalpy input for raising the temperature
of ceria from TL to TH is accounted for in addition to the QTC

described above in eqn (5) and (6). We further allow for the
possibility of both solid state and gas phase heat recovery. Again,
heat recovery is treated simply by reducing the enthalpy input to
achieve a given DT by a fraction, f. While more detailed analyses
have appeared in the literature,19 the methods pursued here are
sufficient for the purpose of comparing the two cycling strate-
gies. Representative results are presented in Fig. 9 as a function
of TH in which the rH2O values are 10�4 and 2,6 respectively,

Fig. 6 Maximum HHV efficiency of ceria isothermal cycling versus heat recovery
percentage from water (rH2O = 10�4) in the range from 0 to 99%.

Fig. 7 HHV efficiency of ceria isothermal cycling versus water-vacancy ratio rH2O

with effective 90% heat recovery (f = 0.9).

Table 1 Solar receiver efficiency Zabs at a concentration level of 5000

1300 1C 1400 1C 1500 1C 1600 1C 1700 1C 1800 1C 1900 1C

Zabs 0.931 0.911 0.888 0.860 0.828 0.791 0.747
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for the isothermal and two-temperature calculations, and,
additionally, the TL in the latter case is that which yields,
within the rH2O and TH constraints, the overall maximum
HHV efficiency.6 Several important trends are evident. First,
in the absence of heat recovery (solid curves), the overall
efficiencies are low, as expected. Moreover, two-temperature
cycling is more efficient than isothermal cycling for all but the
highest temperatures. Introduction of heat recovery increases
the efficiency of both approaches, while generally leaving
two-temperature cycling as the preferred process at low
temperatures. The conditions under which two-temperature
cycling becomes advantageous over isothermal cycling depend
sensitively on the components of the heat recovery. Specifically,
heat recovery from the gas phase alone has only a slight impact
on efficiency, leaving isothermal efficiency preferable at all
temperatures above B1400 1C. In contrast, if both solid state
and gas phase heat recovery can be implemented with high
efficacy, two-temperature cycling is more efficient. Conversely,
even with very high levels of heat recovery, isothermal cycling is
inefficient at low temperatures (below about 1300 1C); this
results because the sweep gas does not have sufficient reducing
power to create a significant di, and because the steam generated
at this temperature does not have sufficient oxidizing power to

result in a df that is much lower than di. While the precise
temperatures at which one strategy becomes more efficient
than the other will depend on a variety of details not considered
here, the general trends provide guidance regarding the relative
advantages and disadvantages of the two approaches.

IV. Experimental studies

With promising numerical results in hand, an experimental
study to evaluate the overall viability of the isothermal cycling
strategy was carried out.

4.1. Procedures

Fine powder of undoped ceria was synthesized by dissolving
0.12 mole of Ce(NO3)3�6H2O (Alfa Aesar) in deionized water,
followed by the addition of 0.18 mol of ethylenediaminetetraacetic
acid and citric acid (Alfa Aesar) of each to a constantly-stirred
Teflon beaker. To this 125 ml of NH4OH was added to achieve
pH = 10. The solution was then heated to and maintained at 80 1C
on a hot plate and stirred at 400 rpm until gelation. The resulting
product was transferred to an alumina crucible (CoorsTek; 99.9%
purity), gently heated to 300 1C to evolve organics, and then
calcined at 350 1C for 2 h in air. These procedures yield a single-
phase fluorite-type product as demonstrated by X-ray powder
diffraction (not shown).

Highly porous (B80% porosity) cylinders of the above
materials were prepared as follows. The powders were loosely
consolidated by first wetting with isopropanol then lightly
pressing while in a die. The resulting green bodies were
sintered at 1500 1C for 2 h under stagnant air. Selected samples
were loaded with Rh using an impregnation method.6 The
porous cylindrical samples were dipped into an aqueous
solution of Rh(NO3)3�2H2O (5.25 wt% concentration), and the
entirety of the sample was instantaneously wetted due to
capillary action. The samples were removed, dried in ambient
air for 10 min, and subsequently calcined at 750 1C for 2 h in
stagnant air. Weight measurements before and after showed
the Rh content to be approximately 2 wt%.

For fuel productivity measurements, samples (0.3–0.5 g in
mass) were placed individually in an alumina tube reactor and
located in the uniform hot zone of a ULVAC-RIKO infrared
imaging furnace. Reduction was carried out under 10 ppm pO2

in Ar (1000 ml min�1 at standard temperature and pressure
(STP); 139 cm s�1 at 1500 1C) and hydrolysis under pH2O =
0.15 atm (200 ml Ar per min and 35 ml H2O per min at STP;
total of 33 cm s�1 at 1500 1C). By no means was the latter step,
the reaction between steam and reduced ceria, performed in a
closed system; the very large values of rH2O in the experimental
configuration were aimed at achieving detectable gas produc-
tion rather than creating a thermally efficient process. Exhaust
gases were detected and analyzed online using a Pfeiffer
Thermostar mass spectrometer. The ion current values
recorded using the mass spectrometer were converted to gas
concentrations using a six-point calibration procedure for H2

and a four-point calibration procedure for O2. For various
experimental reasons, determination of absolute H2 values

Fig. 8 Components of the total energy spent on producing 1 mole of H2 with
90% heat recovery for rH2O = 10�4.

Fig. 9 HHV efficiencies of isothermal (rH2O = 10�4) and two-T cycling (rH2O = 2,
where maximum HHV efficiency is achieved) with 0% and 90% heat recovery.
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was not possible in some cases, and the raw ion current results
are converted, in those instances, to implied absolute values
based on the O2 evolution. The calculation is performed under
the assumption that the integrated per cycle yields of H2 and O2

occur in a 2 : 1 molar ratio, an assumption that is justified, as
shown below, by the reproducibility of the oxygen release
profiles.

4.2. Results

An example of a set of H2 and O2 evolution profiles obtained
under isothermal cycling of undoped ceria without a catalyst at
1500 1C is shown in Fig. 10. The results provide clear evidence
that, despite the small thermodynamic driving force for stoichio-
metric changes under isothermal conditions, fuel production is
possible. Detection of oxygen prior to the point at which the gas
is changed from steam to Ar purge is attributed to either a small
oxygen leak, which becomes evident when the hydrogen concen-
tration falls, and/or quenching of the hydrolysis reaction,
induced by the very fast cooling from the point of exhaust from
the furnace to the point of contact with the ice bath. Returning to
the behavior of the oxide, as expected from the overall reduction
characteristics of ceria, Fig. 5, fuel productivity (H2 per mass
of oxide per cycle) increases monotonically with temperature,
Fig. 11.

In the experiments represented in Fig. 10 and 11 the half-
cycle times (Ar flush and H2O exposure) were held fixed at
10 min each. It was found that an increase in reduction time,
while retaining the hydrolysis time at 10 min, led to an increase
in oxygen release, Fig. 12. The oxygen release profiles, presented
for several different periods of reduction, Fig. 12(a), overlap one
another almost precisely, suggesting that the hydrolysis step has
returned the oxide to the same level of oxidation irrespective of
the period of reduction. Slight differences in the profiles are
attributed to evolution of the microstructure, with the very
first profile showing an initial (or peak) oxygen release rate of
1.23 ml min�1 g�1 and the final profile, acquired after a total of
22 cycles and 423 minutes of exposure to 1500 1C, showing a
value of 1.03 ml min�1 g�1. Additional slight differences in the
integrated oxygen yield values result from the high sensitivity of

the integration to the baseline positioning given the small
signal-to-noise ratio. These experimental uncertainties not with-
standing, the high degree of overlap of the profiles in Fig. 12(a)
suggests that ten minutes is sufficient to fully reoxidize ceria to
the non-stoichiometry value indicated under steam in Fig. 1, but
that even twenty minutes of exposure to inert gas undoubtedly
does not achieve the non-stoichiometry value indicated under
pO2

purge. By fitting an exponential decay function to the
20-minute oxygen release profile in Fig. 12(a), acquired after
stabilization of the microstructural evolution, we compute the
anticipated H2 productivity as a function of thermal reduction
time shown in Fig. 12(b). The asymptotic limit of the hydrogen
productivity, 3.1 ml g�1, falls somewhat short of the thermo-
dynamic equilibrium value of 4.0 ml g�1. The difference between
these two values reflects the challenges of detecting product
gases that are evolved at low rates.

The Rh catalyst has a surprising influence on the thermo-
chemical reaction rates. The relatively fast hydrolysis step is
enhanced by application of the catalyst, Fig. 13. The peak rate
in hydrogen production at 1500 1C is approximately 50% higher
in the presence of Rh, whereas the time constant of the
exponential decay of the H2 profile is approximately halved
(1.4 s vs. 3.1 s). This result indicates that surface reaction rather
than bulk oxygen diffusion is rate-limiting for high-temperature
hydrolysis, as it is at the lower temperatures of two-temperature
cycling.20 In contrast to hydrolysis, the relatively slow reduction
step shows, at best, a slight enhancement in the presence of the
catalyst, Fig. 14. Because it is unlikely that the rate-limiting step
has changed to being bulk diffusion (diffusion distances are on
the order of a few micrometers and the chemical diffusion
coefficient is at least 10�6 cm2 s�1 (ref. 21)), this surprising
result indicates that the surface step, although rate-limiting for
oxygen release, is not substantially enhanced by Rh.

It is of some value to compare the fuel production rate of
isothermal cycling to that of two-temperature cycling in a
fashion analogous to that in which the thermodynamics were
compared. Based on the experimental observation of trends in

Fig. 10 O2 production rate and corresponding H2 ion current for isothermal
thermochemical cycling with pure ceria at 1500 1C. Time for reduction (pO2

=
10�5 atm) and oxidation (pH2O = 0.15 atm) half cycles is 10 minutes, respectively.

Fig. 11 The as-measured O2 yield using undoped ceria for isothermal thermo-
chemical cycling at 1400, 1500 and 1600 1C with reduction and hydrolysis times
each being 10 minutes. The theoretical O2 yield assuming full equilibration for
pO2

= 10�5 atm (reduction) and pH2O = 0.15 atm (hydrolysis) is calculated from
ref. 15 and shown for comparison. The implied H2 productivity is shown by the
vertical axis on the right.
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fuel productivity, we estimate that the highest fuel production
rates under isothermal cycling of undoped, uncatalyzed ceria at

1500 1C will occur for a cycle period of 12.8 min and will yield
approximately 1.96 ml H2 g�1 per cycle. This corresponds to a
time-averaged hydrogen production rate of B9.2 ml g�1 h�1. In
the case of the two-temperature cycle, we estimate the behavior
under a temperature swing between 1500 and 800 1C as follows.
The time required to achieve close-to-full reduction at 1500 1C
is, from the results of Fig. 12, approximately 30 min, and that to
achieve close-to-full hydrolysis at 800 1C is, on the basis of our
previous studies, approximately 10 min.6,7 The time required
for ramping up and down between the two temperatures is a
variable depending on the type of reactor utilized. In a tube
reactor heated by an infrared image furnace,6 the rate can be as
high as 1000 1C min�1, whereas in solar reactor average rates of
about 50 1C min�1 have been achieved.7,11 These time scales, in
combination with the thermodynamic prediction of 8.6 ml g�1

of hydrogen production, imply an overall rate of 7.6–12.5 ml g�1 h�1.
With these numbers, the isothermal cycle provides an overall
rate that is comparable to that of conventional temperature-
swing cycling.

V. Conclusions

The possibility of producing chemical fuel (hydrogen) from
solar-thermal energy input using an isothermal cycling strategy
has been considered theoretically and demonstrated experi-
mentally. A closed-system analysis shows that, under the idea-
lized assumptions of zero heat loss to carrier gases, the
efficiency is maximized in the low-rH2O limit, i.e., the quantity
of ceria is infinite relative to the quantity of steam. This
idealized behavior occurs because there is no penalty, in the
absence of thermal cycling, for maintaining the oxide at high
temperature. The analysis further shows that the efficiency
increases monotonically with increasing temperature. This
trend, which is also expected for two-temperature cycling,
results from the super-linear sensitivity of the change in oxide
non-stoichiometry to temperature. Evaluation of the enthalpy
inputs for fuel production indicates the significance of heat

Fig. 12 Effect of reduction time on H2 production from ceria for isothermal
thermochemical cycling at 1500 1C. (a) Selected O2 release profiles for different
reduction times (pO2

= 10�5 atm, balance Ar, up to 20 min) and a fixed 10 min
period of hydrolysis (pH2O = 0.15 atm, balance Ar); (b) implied H2 productivity
versus reduction time determined from an exponential decay fit to the 20 min O2

profile in (a), with error bars indicating the range of measured variation for
20 min reduction.

Fig. 13 Impact of the Rh catalyst on the rate of H2 production for isothermal
thermochemical cycling with ceria at 1500 1C, with the reduction (pO2

=
10�5 atm, balance Ar) and hydrolysis (pH2O = 0.15 atm, balance Ar) times
indicated. The rates shown are implied based on the O2 productivity of each
case to allow for the stoichiometric ratio of H2 : O2 = 2 : 1 of gas productivities. The
level of the H2 baseline measured by mass spectroscopy is indicated by the
horizontal dashed line for comparison.

Fig. 14 Impact of the Rh catalyst on the rate of O2 release for isothermal
thermochemical cycling with ceria at 1500 1C, with the reduction (pO2

=
10�5 atm, balance Ar) and hydrolysis (pH2O = 0.15 atm, balance Ar) times
indicated. The level of the O2 baseline measured using mass spectroscopy is
indicated by the horizontal dashed line for comparison.
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recovery from steam, in addition to that from carrier gases, in
determining efficiencies. The experimental results show that
time-averaged, isothermal fuel production rates over ceria (at
1500 1C) are comparable to those estimated for conventional
two-temperature cycling (between 1500 and 800 1C) and similar
gas conditions, despite the lower fuel production per cycle of
the former. In addition, Rh as a catalyst significantly enhances
the rate of the relatively fast hydrolysis reaction but has only
slight impact on the relatively slow reduction reaction. The
comparable kinetics of the two cycling strategies indicates that,
although the computed thermodynamic efficiencies do not
provide the absolute values for realistic reactors, they provide
a meaningful basis for comparing the two approaches. In
general, the isothermal approach achieves a higher efficiency
at higher temperatures. Furthermore, high efficiencies under
two-temperature cycling are possible only when high levels of
heat recovery from the solid state (i.e., the oxide) are achieved, a
technically challenging task. The isothermal approach not
only eliminates the need for solid state heat recovery, it also
eliminates the mechanical stresses associated with rapid
temperature swings, suggesting that reactors incorporating this
approach will not only be more efficient, they will also be more
robust than those relying on thermal cycling.
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