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Abstract

We report the discovery of a new class of oxides — poly-cation oxides (PCOs) — that consists
of multiple cations and can thermochemically split water in a two-step cycle to produce
hydrogen (H,) and oxygen (O,). Specifically, we demonstrate H, yields of 10.1 + 0.5 mL-
Hy/g and 1.4 = 0.5 mL-Hy/g from (FeMgCoNi)Ox (x =~ 1.2) with thermal reduction
temperatures 1300°C and 1100°C, respectively, and also with background H, during water
splitting step. Remarkably, these capacities are mostly higher than those from measurements
and thermodynamic analysis of state-of-the-art materials such as (substituted) ceria and spinel
ferrites. Such high-performance two-step cycles within 1100°C are practically relevant for
today’s chemical infrastructure at large scales, which relies almost exclusively on
thermochemical transformations in this temperature regime. It is likely that PCOs with
complex cation compositions will offer new opportunities for both fundamental
investigations in redox thermochemistry as well as scalable H, production using

infrastructure-compatible chemical systems.

Broader context

The ability to split water to produce hydrogen is vitally important in energy sciences, with
potential broad impact to help decarbonize the global energy system. To achieve this goal,
one would require hydrogen from water splitting at the Gigatonne scale, i.e. at the same order
of magnitude as CO, emissions. Today’s chemical infrastructure at the Gigatonne scale relies
almost exclusively on thermochemical transformations at temperatures < 1100°C. Yet, there
are no viable materials that can thermochemically split water in a relatively simple two-step
cycle and produce appreciable hydrogen yields in this temperature regime at non-negligible
H,0O-to-H, conversions. We report here the discovery of a new class of materials — poly-
cation oxides (PCOs) — that can split water to produce hydrogen at temperatures as low as
1100°C in a two-step cycle. To date, this has not been shown with state-of-the-art materials
such as doped ceria, spinel ferrites, and perovskites, all requiring >1300°C reduction
temperatures to yield appreciable hydrogen. PCOs discussed in this work contain four or
more cations, and are prevented from phase separating into binary oxides by the entropy of
mixing. We propose that this phase stability is responsible for the unusual properties of PCOs
for thermochemical water splitting. Our discovery opens a new direction of scientific inquiry

in redox thermochemistry as well as the opportunity for scalable hydrogen production.
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The ability to split water to produce hydrogen (H,) is vitally important in energy science'
with broad applications to store intermittent solar and wind electricity, as a transportation fuel,
as a reducing agent to convert carbon dioxide into organics including fuels™, and to
decarbonize the existing petrochemical and fertilizer industries”. Today’s chemical
infrastructure at large scales relies almost exclusively on thermochemical transformations at
temperatures < 1100°C*°, which has led to a search for materials and mechanisms for
thermochemical water splitting (TWS) below this temperature. Although multi-step
thermochemical cycles™® and hybrid cycles”® have made progress in lowering reaction
temperatures, their system complexity present challenges for scale up. In that respect, two-
step TWS, as shown in Figure 1, has received substantial attention due to its relative
simplicity’ **. In two-step TWS, a metal oxide (MOy) undergoes a redox cycle, first releasing
oxygen (Oz) [MOx — MO, + (x — z)/2 O] during thermal reduction at high temperature, Ty,
and at a specific O, partial pressure (p(O;)). When subsequently exposed to water vapor at a
lower temperature, Ty, it enables water splitting and returns to MOy [MO, + (x — z)H,0 —

MOy + (x — z)H;]. The thermodynamic cycle is essentially a redox heat engine.

The state-of-the-art materials such as (substituted) ceria and spinel ferrites (specifically for
MFe;0;4 in this paper, where M is Mg, Ni, Co, Fe, etc., or their combinations) require Ty
~1300 to 1500°C*""'*#28 "and they do not produce meaningful amounts of O, with Ty <
1100°C"*°. Many of the perovskites that have been studied can be easily reduced at
moderate Ty, but require large amounts of excess steam to produce H, during the water-

15-18,22,

splitting step ; some perovskites' "’

with good steam-to-H, conversion require high Ty

similar to ceria and spinel ferrites.

The key requirements and challenges for two-step TWS are threefold: large O, release at low
Tu < 1100°C; high steam-to-H, conversion at Tr; and the long-term cyclability of both the
reactor and the redox material. A high steam-to-H, conversion, in particular, is necessary for
good cycle efficiency'®***"* To lower Ty in two-step TWS while maximizing steam-to-

1929 shows that the partial molar enthalpy and entropy

H, conversion, thermodynamic analysis
(AHp and ASo, respectively) of the redox oxide must fall within a desirable range. This range,
defined by negative Gibbs free energy changes (AG < 0) for the two reactions at Ty and Ty,
offers a narrow window of thermodynamic feasibility. For (substituted) ceria and spinel
ferrites, the AHp and ASg fall in this window when Ty > 1400°C and p(O,) = 107 atm '+,

resulting in reasonable H, yield. While it is possible to reach Ty > 1400°C in today’s
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chemical industry, to do so with cost-effective materials without degradation warrants Ty <
1100°C °. Moreover, sublimation and loss of the metal oxide is a significant concernlg, even
for ceria®, which is typically regarded as a highly stable material for TWS. For perovskite

oxides (e.g., LaMnOs.« family)16‘18’44,45

, the relatively small AHg gives rise to large oxygen
deficiency at moderate Ty, in contrast to ceria, but their small ASy also means that H,
generated at Tp will back-react to reduce the perovskite and depress the steam-to-H,
conversion. These three requirements motivate us to search for materials that could evolve O,

at a lower Ty and split water in the presence of background H,.

Rost et al. recently discovered a new class of oxides — entropy stabilized oxides (ESOs) — that
exchange oxygen via a reversible solid-solid phase transition®. They mixed equimolar
quantities of multiple metal oxides (MgO, CoO, NiO, CuO and ZnO) of various crystal
structures and heated them up to 1000°C in air; the entropy of mixing of the large number of
cations stabilizes the complex oxide denoted as (MgCoNiCuZn)O within only one rocksalt
structure, during which the oxide loses some O, to the environment. At lower temperatures,
this ESO undergoes phase separation into rocksalt and tenorite structures also by entropic

driving force. Meanwhile, O, is absorbed from the environment.

Inspired by ESOs, here we expand the idea of cation mixing to a broader class of materials,
poly-cation oxides (PCOs), and demonstrate two-step TWS. A PCO has three or more metal
cations distributed between two different solid phases (e.g., rocksalt and spinel) whose ratio
can swing during oxygen exchange, such as two-step TWS between Ty and Tr. Unlike
ESOs, however, PCOs need not undergo a complete transition to a single phase, but instead
contain a mixture of phases whose fractions swing between Ty and Ti.. We demonstrate that
the PCO (FeMgCoNi)Oy can split water with Ty < 1100°C and with a reasonable tolerance
for H, oxidation back-reaction at Ty, a prerequisite towards achieving a substantial steam-to-

H;, conversion in a technologically-relevant reactor.

The PCOs and spinel ferrites were synthesized using sol-gel (SG) and solid-state (SS)
techniques. SG synthesis allowed us to produce particles with a small grain size of ~0.5 um
(Figure S1a); slight sintering was observed after two cycles at Ty = 1300°C (Figure S1d).
SS synthesis requires a 4-hour calcination step at 1350°C and produces particles with >~10
pum diameter (Figure S1f) agglomerated into millimeter-sized pieces. The two-step TWS

experiments were performed using a thermogravimetric analyzer (TGA) connected to a gas
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chromatograph (GC) and then an O, sensor, as shown in Figure S2. Because the reaction rate
in the TGA can be limited by the temperature ramp rate and the gas flow rate and dynamics, a
stagnation flow reactor with a mass spectrometer (Figure S4a) was used to measure kinetics.
Synthesis and experimental methods are detailed in Electronic Supplementary Information

(ESI).

First, we employed TGA-GC to characterize the H, productivity of (FeMgCoNi)Ox at
different combinations of Ty and Tp, and compared the performance to the well-studied
materials CeO, and spinel ferrites NiFe,O4 and CoFe,04. Figures 2a-b include the H; yields
of different materials under the following temperature conditions: (1) Ty = 1300°C and Ty =
800°C; (2) Tg = 1100°C and Tp = 800°C. In both cases, thermal reduction (TR) was
performed for 5 hours (hrs) at Ty, and water splitting (WS) was performed for 5 hrs at Tr. To
first demonstrate thermodynamic feasibility, the long cycle time was chosen to allow the
material to approach the thermodynamic equilibrium with the purge gas. During the TR step,
Ar was flowed to maintain background p(O,) ~10 ppm (5 to 15 ppm). During the WS step at
condition (1), 91 ppm H; and 9.47% H,O (equivalently, p(Hz):p(H,O) = 1:1045, abbreviated
as H,:H,O below) in balance with Ar was used as background; whereas at condition (2), 4.5
ppm H, and 9.47% H,0 (equivalently, Hy:H,0 = 1 : 2.1x10%* balanced with Ar was used.
Such H; background simulates the case of a batch reactor system, in which product H; is not
quickly swept away and allowed to back-react with oxide sample; the background H,:H,O
also indicates steam-to-H, conversion (see later experiments with various H,:H,O ratios). The
H, yields for CeO; are for the thermodynamic limit of H, production (indicated by *) derived

34,42

from literature (details of calculation in ESI).

Assuming full redox conversion between Fe*™ and Fe’", the H, production capacity of Fe-
based oxides would correspond to 0.5 mol of H; per 1 mol of Fe. We call such capacity the
“redox limit”. Nickel ferrite (NiFe,O4), for example, has a redox limit of 95.6 mL-H,/g, an
order of magnitude higher than the experimental yields. The redox limit of (FeMgCoNi)Ox (x
~ 1.2) is estimated to be 40.7 mL-H,/g. The x value was determined assuming Fe is +3, Co is
a mixture of +2 and +3 (the same as in Co304), and Mg and Ni are +2, according to the X-ray

absorption near-edge structure (XANES) discussed later.

As shown in Figure 2a, at Ty = 1300°C and T = 800°C and H,:H,O = 1:1045, the PCO
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(FeMgCoNi)Oy yields 10.1 + 0.5 mL-H,/g, which is 24.8% (“normalized yield”) of its redox
limit. The normalized yield of the (FeMgCoNi)Oy is more than three times that of the spinel
ferrites. In Figure 2b, at Ty = 1100°C and Ty = 800°C and H:H,O =1 : 2.1><104, the
(FeMgCoNi)Oyx shows the normalized yield more than ten times that of the spinel ferrites.
These H, yields are higher than those from CeO, and spinel ferrites, and the difference is
especially striking for the cycles involving Ty = 1100°C and Tp = 800°C when
(FeMgCoNi)Oy shows > 5 times higher H, producing capacity.

Thermodynamic equilibrium calculations (details in ESI) predict that reduction of NiFe,O4 to
NiFe,0347 at Ty = 1300°C and pO, = 10 atm will subsequently give a H, yield of 9.5 mL/g
when WS occurs at Ty, = 800°C and H,:H,0O = 102 , resulting in NiFe;0;97 (and 10.0 mL-
H,/g for CoFe,04, between CoFe;0557 and CoFe;03975). For Ty = 1100°C and Ty = 800°C
and Hy:H,O=1: 2.1><104, the thermodynamic equilibrium limit for NiFe;O4 is 2.9 mL-H,/g
and 0.2 mL-H,/g for CoFe;04. The measured H; yields from the long cycles of both spinel
ferrites are mostly lower than their thermodynamic limits probably due to kinetics limitation
and/or background O, effects during the WS step (discussed in the TGA-GC part in ESI).
The measured H, yields using (FeMgCoNi)Oy exceed the thermodynamic limits of the spinel
ferrites under Ty = 1300°C and Tp = 800°C. These comparisons based on redox and
thermodynamic limits suggest that the reactivity of Fe for TWS is significantly enhanced in
the PCO compared to the well-studied spinel ferrites (Fe is the only redox active element in

the PCO as the following XANES study shows).

We have also used TGA-GC to explore the dependence of H, production on the background
H,:H,O0 ratio during the WS step. Both TR and WS steps were performed for 5 hours to allow
the material to approach the thermodynamic equilibrium with purge gas. Figure 2¢ shows the
H, yield of SG-synthesized (FeMgCoNi)Ox at Ty = 1300°C and Ty = 800°C and at various
background H,:H,O ratios. It is compared to the measured yields of SG-synthesized spinel

ferrites, and the thermodynamic equilibrium limits of ceria®**

and perovskite
Lag ¢Sr94sMnOs_5 (LSM4O)18’33’47 (thermodynamic limit calculation methods and results
including those for other perovskites are in ESI). The PCO (FeMgCoNi)Ox generally
produces more H, than the spinel ferrites. The perovskites LSM40 as well as LSM20 and
LSM30 (both not shown in Figures 2¢-d) produce less H, than (FeMgCoNi)Oy under all the

18,48,
d™

conditions considere the H, production of LSMs decays quickly to zero as H,:H,O

increases to around 1:300. On the other hand, (FeMgCoNi)Ox and spinel ferrites display
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better tolerance to reverse reaction with increased H,:H,O. CeO; is only weakly affected by
H,:H,0, and its H, yield is more heavily affected by the very small extent of reduction at
1300°C and 1100°C. We note some prior work that reported two-step TWS did not use a
background H; and relied on a large flow rate of water vapor to suppress the reverse reaction,
which operates in the regime of vanishing Hy:H,O ratio'>****”°. Figure 2d shows the same
trend at the cycle condition Ty = 1100°C and Tp = 800°C, where (FeMgCoNi)Oy
demonstrates an even bigger advantage, albeit the H, productivity declines to zero at Hy:H,O
> 1:2009 To summarize, the PCO (FeMgCoNi)Ox produces H, at lower temperatures than
CeO; or spinel ferrites, and demonstrates more resistance to H, oxidation reverse reaction

during WS than Mn-based perovskites, which has practical significance in scale-up.

Next, to study the kinetics, we have obtained preliminary results of reaction rate by
conducting experiments on TWS cycles with TR of 30 min and WS of 1 hr and using TGA-
GC to measure H, yields. As Figures 3a-b shows, at Ty = 1300°C, T, = 800°C and H,:H,0
= 1:1045, the H; yield of (FeMgCoNi)Oy is about two times higher than that of spinel ferrites
and the thermodynamic equilibrium limit for CeO,; at Ty = 1100°C, T = 800°C and H»:H,O
=1:2.1x10" cobalt ferrite produces no H,, while (FeMgCoNi)Oy still produces appreciable
H,, about two times the yields from nickel ferrite and CeO,. Additionally, we investigated the
cyclability of the PCO. Figure 3¢ shows that the SG-synthesized (FeMgCoNi)Ox in TGA
shows almost no performance degradation during the 10 cycles at both temperature
conditions. Figure S5 also demonstrates good cyclability of the SS-synthesized
(FeMgCoNi)Oy in the stagnation flow reactor. Figures S1b-e show that PCO particles grew
to about 1~2 um after two cycles and keep the similar morphology until after the 10th cycle.
For a thorough cyclability investigation for practical applications at least hundreds of cycles
are required, which will be the topic of a later study. All of the H, yield data in Figure 3
were taken from the second cycle to eliminate possible randomness in the first one, if not

otherwise specified.

Short TWS cycles using PCO were also carried out in the stagnation flow reactor to assess
material kinetics (Figures 3d, S4 and S5). The H, yield from the SS-synthesized
(FeMgCoNi)Oy is about 5 mL/g on average, higher than that (~ 3mL/g) from the TGA-GC
measurements on the SG-synthesized sample. Considering that the SG-synthesized sample is
generally expected to possess better kinetics due to its small particle size and large surface

area, this result indicates that good gas transport in stagnation flow reactor largely improves
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reaction kinetics. The O, release at Ty = 1300°C is significantly faster than the H, production
at T = 800°C and H,:H,O = 1:1000. The peak rates of 0.7 mL-O,/min/g and 0.6 mL-
Hy/min/g for (FeMgCoNi)Ox are promising, considering that the SS-synthesized sample
consists of ~10 um particles. The relatively slow water oxidation kinetics is the rate-limiting
reaction in the cycle, which deserves further study. The potential elevation of the H, signal
background due to water fragmentation in the mass spectrometer was accounted for in

quantifying the H, production from water splitting.

In order to elucidate the redox reaction mechanism of (FeMgCoNi)Oy during two-step TWS,
quenching experiments were performed as described in ESI, assuming sample structure and
properties are maintained when quenched at the end of TR or WS reaction. Such an
assumption would be relaxed by in situ experiments. The X-ray diffraction (XRD) results in
Figure 4a on the quenched (FeMgCoNi)Ox samples confirm that both rocksalt and spinel
phases co-exist during thermal cycling, but their ratio changes as temperatures and gas
environments vary. We used Rietveld refinement to quantify the fraction of each phase. Since
Fe, Co and Ni have very similar atomic scattering factors for X-rays’', we replaced all the
transition metals with Fe in our model. The rocksalt phase was assumed to be Fe,O (t < 1) and
the spinel phase was assumed to be Fe;O4 (reasoning and details in ESI). Figure 4b shows
the volumetric percentage of the rocksalt phase obtained from the Rietveld refinement from
three repetitions of (FeMgCoNi)Ox synthesis and quenching (from Ty = 1300°C, Ty =
1100°C and T = 800°C). All sets of data show a consistent trend: the phase ratio depends
strongly on temperature, and higher temperatures generally produce larger fraction of the
rocksalt phase associated with greater O, release. Although a phase change is clearly
correlated with oxygen exchange, the exact redox mechanism cannot be determined from

XRD alone and deserves further study.

We employed XANES to determine which transition metal(s) in the PCO (FeMgCoNi)Ox
undergoes an oxidation state change during two-step TWS (it was assumed that Mg does not
change its oxidation state). Figure 4c¢ shows the XANES spectra of the Fe-edge in
(FeMgCoNi)Ox. We compared the energy at the half of the maximum intensity in each of the
normalized absorption spectra. The experiments showed that Fe has an edge shift of about
0.6 eV between the WS and TR steps (compares to 4.3 eV between Fe*™ and Fe’"), which
indicates an oxidation state change of 0.14. XANES plots of Co and Ni are in Figure S7.

Interestingly, as Figure 4d shows, Co and Ni are essentially redox inactive compared to Fe,
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suggesting that Fe is the only redox-active element in (FeMgCoNi)Ox.

In conclusion, we report a new class of material, poly-cation oxide (PCO), which can
thermochemically split water to produce H, with remarkably high yields within 1100°C.
Particularly, the water splitting performance of PCO (FeMgCoNi)Oy at specific conditions
exceeds the thermodynamic limits of state-of-the-art materials such as spinel ferrites, ceria
and several LSM perovskites, under specific background H,:H,O values during water
splitting step. X-ray absorption studies suggest that Fe is the only redox-active species in
(FeMgCoNi)Oy, which also contain Mg, Ni and Co cations. This raises the intriguing
questions about the roles of Mg, Ni and Co in enabling Fe this unprecedented performance to
split water at lower temperatures. Fe in well-studied spinel ferrites is purely Fe’" and has
been traditionally thought to have bigger redox capacity than a spinel-rocksalt two-phase
oxide system (like in PCOs) where both Fe*" and Fe’* are present. Therefore, what remains
intriguing is why in such a two-phase system with multiple cations, the redox extent of Fe in
(FeMgCoNi)O4 has been significantly improved. A deeper understanding warrants the
measurement and modeling of the phase diagram of the PCOs, though we realize the
complexity of such an investigation, even for the Fe-Co-O systemsz. Preliminary reaction
kinetics data show the slow water splitting kinetics of PCO, suggesting the potential
improvement in its kinetics by, for example, reducing PCO particle sizes, adding high
melting point support material, and reactor optimization. From the viewpoint of chemical
reactor systems, we note that while most reactor architectures for such reactions so far have

10,11,13,19,21,53-56

used solar concentrators as a heat source , the increasing availability of low-

o - 4,57-60
cost carbon-free electricity™

suggests that localized electrical heating could be used for
TWS as well, thus opening more options for system architectures using PCOs as the water

splitting materials in various configurations.
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Figures

Ty Thermally reduced MO,

rocksalt spinel
heating cooling
,,{: H20
+ <
H,
rocksalt spinel

Fig. 1. Schematic of two-step thermochemical water splitting (TWS) using poly-cation oxide

(PCO). In a typical two-step TWS, a metal oxide (MOy) becomes thermally-reduced at a higher
temperature, Ty, and releases O, to produce MO, (z < x). The reduced oxide is cooled to a lower
temperature, Ty, where it is oxidized by water to produce H; as it returns to MOy. In PCOs, a
reversible phase swing between rocksalt (reduced) and spinel (oxidized) phases occurs during

thermochemical cycling. The rocksalt-to-spinel ratio becomes larger at Ty compared to that at Ty.
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Fig. 2. Thermochemical water splitting performance with various background H>:H>O for
long cycles. (FeMgCoNi)Oy and spinel ferrites went through thermal reduction at Ty for 5 hours
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cycle with sol-gel (SG) synthesized samples. The CeO, data are from thermodynamic

equilibrium limits, see data in Tables S6 and S7. “Redox limit” is defined by assuming all Fe

atoms go through +2/+3 redox swing. Normalization by such redox limit is indicated as

“Normalized Yield”. Reaction conditions are (a) Ty = 1300°C, Ty = 800°C and H:H,O =1 : 10° ;
(b) Ty =1100°C, Ty, = 800°C and Hy:H,O =1 : 2.1x10%, (¢, d) Influence of Hy:H,O during water
splitting step on performance of SG-synthesized (FeMgCoNi)Oy and spinel ferrites, along with
CeO,, perovskite LSM40 (Lag ¢Sr94MnOs._5). The H; yields of CeO, and LSM40 represent

calculations of the thermodynamic limit, indicated by **** #'® and ##>*’, whereas the H, yields

16
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for (FeMgCoNi)Oy, and spinel ferrites where measured; values are in Table S6 and Table S7.

All measurements were conducted with TGA-GC. Background pO; is about 10 ppm.
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Fig. 3. Thermochemical water splitting performance of for short cycles. (a) Ty = 1300°C and
pO, = 107 atm, Tp = 800°C and Hy,:H,O =1 103, sol-gel (SG) synthesized PCO (FeMgCoNi)Oy
and spinel ferrites. (b) Ty = 1100°C and pO, = 107 atm, Ty = 800°C and Hy:H,O =1 :2.1x 104,
SG-synthesized (FeMgCoNi)Oy and spinel ferrites. The CeO, data are from thermodynamic
equilibrium limits. (¢) 10-cycle measurements using SG-synthesized (FeMgCoNi)Ox under the
same conditions as (a) and (b), respectively. (d) Kinetics of a typical cycle in the stagnation flow
reactor for solid-state (SS) synthesized (FeMgCoNi)Oy at the same conditions as (a). The errors
come from background drift of mass spectrometer signals.

All the samples went through “short cycles” with 30 min TR at Ty and 1 hr WS at Ty; the H,

yields data were taken from the 2nd (short) cycle if not otherwise specified. Except for (d), all

results were obtained using TGA-GC.
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Fig. 4. Structural and elemental characterizations of quenched (FeMgCoNi)O.. (a) Cu Ka X-
ray diffraction (XRD) of thermally reduced and water-oxidized (FeMgCoNi)Oy obtained by
quenching from each corresponding condition. The quenching conditions are: (1) Ty = 1300°C
and pO, = 10 atm for 30 min; (2) T, = 800°C and 10 vol. % H,O for 1 hour after thermal
reduction at Ty = 1300°C and pO, = 10 atm for 30 min. The change of peak intensity
qualitatively illustrates the rocksalt-spinel phase swing in this oxide. (b) Rietveld refinement
result of XRD patterns at various quenching conditions. Three sets of (FeMgCoNi)Ox were made
by solid-state synthesis and quenched separately at three different conditions: (1) and (2) are the

same as above; (3) Ty = 1100°C and pO, = 107 atm for 30 min. Refinement results of each set
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are shown by one color/shape (blue diamond, red square, and black cross) of symbols with error
bars (There are overlaps among error bars.). (¢) X-ray absorption near edge structure (XANES)
result for the Fe edge of the quenched (FeMgCoNi)Oy samples. The dashed lines indicate
reference data of different iron oxides. The shift of Fe oxidation state is clearly demonstrated
between the oxidized and reduced states. (d) Amount of edge shift (eV) for Fe, Co, and Ni
between the reduced and oxidized states of (FeMgCoNi)Ox measured by XANES. Fe is the

redox-active cation in this PCO.
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