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Abstract

The development of an economically viable solar thermochemical fuel production process
relies largely on identifying redox active materials with optimized thermodynamic and Kinetic
properties. Iron aluminate (FeAl;O4, hercynite) and cobalt-iron aluminate (CoxFe1xAl204) have
both been demonstrated as viable redox-active materials for this process. However, doping with
cobalt produces a qualitative tradeoff between the thermodynamic and kinetic properties of
hercynite by improving the reaction Kinetics although, so far, at the expense of some drop in the
overall activity per unit weight. In this work, we evaluate four spinel aluminate materials with
varying cobalt contents (FeAl>04, Cog.osFeg.95Al204, Coo.25Fe0.75A1204, and Cog.s0Feo.60Al204) to
better understand the role of cobalt in the redox mediating properties of these materials and to

quantify its effect on the thermodynamic and kinetic properties for CO> reduction. A solid-state
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kinetic analysis was performed on each sample to model its CO reduction kinetics at temperatures
ranging from 1200°C to 1350°C. An F1 model representative of first-order reaction kinetics was
found to most accurately represent the experimental data for all materials evaluated. The computed
rate constants, activation energies, and pre-exponential factors all increase with increasing cobalt
content. High temperature in-situ XPS was utilized to characterize the spinel surfaces and indicated
the presence of metallic states of the reduced cobalt-iron spinel, which are not present in un-doped
hercynite. These species provide a new site for the CO; reduction reaction and enhance its rate
through an increased pre-exponential factor.
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1. Introduction

Solar thermochemical fuel (STCF) production offers an attractive means to efficiently
convert renewable solar energy into fuels such as H2 and CO. By utilizing the entire solar spectrum
and directly converting water or CO; into hydrogen or CO without generating electricity as an
intermediate, STCF has the potential to achieve high conversion efficiencies [2]. In a two-step
STCF process, solar radiation is directed to a central receiver containing a metal oxide redox active
material. Heating this metal oxide to high temperatures in excess of 1000°C totally or partially
reduces the metal oxide and generates oxygen gas [2-6]. In the second step, the reduced metal
oxide is exposed to an oxidant, either steam or CO., in order to oxidize the active material and
produce either Hz or CO fuels [7-9]. This step is exothermic and therefore is typically conducted

at a lower temperature than the reduction step; however, isothermal STCF processes have been



demonstrated based on a pressure swing of the oxidant to modulate the oxygen chemical potential
[10-15].

Metal oxides utilized for STCF production may either undergo stoichiometric reactions or
oxygen vacancy reactions [9]. In the case of stoichiometric reactions, materials undergo either a
crystallographic or a state-of-matter phase change during reduction and oxidation as is the case for
the ferrite, zinc oxide, and tin dioxide cycles [5, 16-20]. While stoichiometric materials offer high
extents of reduction and therefore high Hz productivities, significant operational and materials
challenges exist related to sintering, deactivation, and quenching of these active materials [18-24].
In the case of materials that undergo an oxygen vacancy mechanism, the reduction step results in
the formation of oxygen vacancies within the crystal lattice of the material (partial reduction) rather
than a crystallographic or state-of-matter transition [2, 6, 25]. STCF redox materials that operate
via an oxygen vacancy mechanism have lower extents of reduction; however, they are preferred
for this process because they have been demonstrated to be more stable over redox cycling than
stoichiometric compounds and do not have the same operational challenges associated with
quenching a gaseous active material present in volatile materials like ZnO [8, 26]. The reduction
and oxidation reactions for an oxygen vacancy-mechanism material are summarized in Equations
(1) and (2) for the case of CO: splitting where 9 is the extent of reduction of the metal oxide that
depends on the identity of the active material, the reduction temperature, and the oxidant partial

pressure.
)
MOx —>M0x_5+502 (1)

MO,_s + 6C0, » 6CO + MO, (2)
In this work, the oxidation kinetics of spinel aluminate materials are investigated for CO>

splitting. Solar thermochemical hydrogen production using this family of materials was first



demonstrated by Scheffe et. al. in 2010 who used atomic layer deposition (ALD) to deposit
CoFe204 on an alumina support [27]. They found that this process formed a cobalt-iron aluminate
spinel upon redox cycling and produced substantially more H> than unsupported CoFe;Os4 or
CoFe>04 supported on zirconia, and was capable of operating at lower temperatures than the ceria
cycle [27]. Although this cycle was originally hypothesized to operate via a stoichiometric
reaction due to its close relation to the stoichiometric ferrite cycle, it has since been shown that
this material undergoes an oxygen vacancy mechanism according to Equations (1) and (2) where
the active metal oxide (MOxy) is a mixed cobalt-iron aluminate spinel (CoxFe1-xAl204) [28].
Furthermore, it was demonstrated that hercynite produced substantially more Hz than the
previously-demonstrated cobalt-iron aluminate spinel (259 umol Hz/g in FeAl204 vs. 156 pumol
H>/g Coo.4FeosAl204) [28]; however, an inherent tradeoff between the thermodynamic and kinetic
properties between these materials was observed. While the Hz production in the cobalt-iron
aluminate peaked and then dropped relatively quickly, the hercynite H> production exhibited a
lower peak and much longer tail. Hercynite was still producing H> at the end of the cycle time
while the cobalt-doped hercynite appeared to reach full conversion within the 15-minute oxidation
cycle [28]. While this tradeoff between the thermodynamic and kinetic water splitting properties
of the hercynite-family of materials has been observed and discussed, the kinetic differences have
not been fully quantified nor has the role that cobalt plays in accelerating the kinetics been studied
in detail. Further understanding the role of cobalt in the doped aluminate spinel will support the
rational design of new compounds. Additionally, in the design of commercial-scale reactors for
STCF production it is necessary to understand and model the intrinsic kinetic behavior of the

relevant reactions [9].



The objective of this work is to develop a kinetic model of the oxidation step for CO>
reduction by hercynite and cobalt-doped hercynite. Solid-state kinetic theory is utilized to quantify
the activation energy and pre-exponential factor of CO> reduction by un-doped and Co-doped
hercynite and to develop an understanding of the role of cobalt in the STCF production in these
materials.

2. Methods
2.1 Experimental Methods

Materials were synthesized using a modified Pechini (citrate gel) method [29]. Metal
nitrate salts Fe(NO3)3-9H20, and Co(NOs)2:6H20, and Al(NOsz)3-9H20 (all > 98% purity) were
dissolved in DI water. Citric acid was then added in a 1:4 ratio of citric acid to water. The solution
was stirred and heated at 100°C for 30 minutes, then heated to 200°C and held without stirring
until a viscous gel formed. The organics were vaporized away by heating the gel in a vacuum oven
at 450°C for 12 hrs. The sample was then ground into a powder and an initial calcination was
performed at 850°C for 8 hours in air to form the binary metal oxides. Final calcination was
performed at 1350°C for 6 hours, then 1500°C for 6 hours in air. Attempts to measure the BET
surface areas of these materials were not possible due to negligible pore volume giving an
unmeasurable area within experimental errors. At this temperature all known metal oxides will
sinter and experience a dramatic drop in their surface area. For example Al;Os calcined above
1200°C (the commonly known a-Al2Os) has typical BET surface areas between 2 and 0.1 m?/g.
The formation of the spinel aluminate phase was confirmed using X-ray diffraction (XRD) and is
shown in Figure S1 of the Supplemental Information (SI). Room temperature XRD patterns were
obtained using a Bruker D8 Advance diffractometer with Cu Ka radiation. SEM images, which

are shown for each composition in Figure S2-Figure S3, indicate that the powder samples had an



average particle size before and after cycling of 67 + 34 um and 64 + 41 pm, respectively, as shown
in Figure . The change in the particle size was not statistically significant (p = 0.32). Considering
that at this temperature pores contribution into the surface area is negligible then the extracted
surface area from this size is 0.02 M?/goxide.

Thermogravimetric analysis (TGA) (NETZSCH Jupiter F1) was used to track the extent of
reaction during the CO> reduction step. 150 mg (3.5 x 102 m?) + 10 mg (2 x 10 m°®) of sample
was loaded into an Al2Os TGA crucible. A plate crucible was utilized in order to minimize
diffusion limitations from the gas stream to the sample and the sample size was varied to ensure
that there were no mass transfer limitations due to the sample size. The temperature was ramped
up to 1450°C at a rate of 20°C/min under an argon flow of 70 mL/min and held for 4 hours. The
gas flow rate was increased until the rate of oxidation remained constant in order to avoid gas mass
transfer limitations. Samples were reduced at 1450°C in inert Ar gas for 150 minutes and then the
temperature was ramped down to the designated oxidation temperature (1350°C, 1300°C, 1250°C,
or 1200°C) at a rate of 20°C/min. This temperature program is shown in Figure S5. Once the
furnace reached the desired temperature, the flow was changed to 70 mL/min of 50% CO2/50%
argon and the sample mass was monitored. The gasses were mixed prior to entering the TGA
chamber in order to eliminate the effect of gas mixing on the kinetic analysis. Once the mass
reached steady state (between 2 and 8 hours depending on the sample and temperature), the sample
was again reduced at 1450°C in inert gas for 150 minutes. Allowing the reaction to reach high
conversions is essential for an accurate kinetic analysis. CO2 was chosen for this study in place of
H>O because CO2 and H>O follow similar steady state behavior and have similar reduction
enthalpies while CO- circumvents experimental limitations in the temperatures accessible by the

TGA equipment for steam experimentation [28, 30]. Samples of FeAl;04, C0o.05F€0.95A1204,



Coo.25Fe0.75A1204, and Coo.4Feo.sAl204 were examined in this manner. Throughout this work, these
samples are referred to based on the percentage of cobalt on the A-site of the spinel: 0% Co, 5%
Co, 25% Co, and 40% Co, respectively. Because each sample was fully allowed to reach steady
state, the conversion calculation for each sample and temperature was referenced to the steady
state mass change measured for that sample and temperature. TGA mass data were converted to

conversion (o) vs. time data via Equation (3).

my — My

a= —mo e 3)

where mo is the initial sample mass, m; is the sample mass at time t, and mq is the steady state

mass at 100% conversion.

High temperature in-situ X-ray photoelectron spectroscopy (XPS) was utilized to
characterize the surface composition of two samples (FeAl.O4 and Coo.1FeosAl204). XPS was
performed in a UHV system with a base pressure of 2x1071° Torr equipped with SPECS XR50
dual anode Mg Ko X-ray source and SCIENTA R3000 hemispherical electrostatic energy
analyzer. The system is also equipped with a SPECS EBH-150 E-beam heater, which was utilized
to heat the samples to the desired temperatures (1300°C for 5 min); this is the highest possible
temperature that could be reached with this system while keeping the pressure low (in the 107 torr
range) avoiding contaminations or reoxidation by outgassed water molecules from the sample

mount. The temperature of the samples was monitored with a Process Sensors Sirius pyrometer

and a calibrated K-type thermocouple. Aewertemperature-was-utHized-to-accountfor-the-higher

experiments. Approximately 20 mg of each material was pressed into 13 mm diameter pellets. The

sample pellet was held on a tantalum sample holder by tantalum wires. The sample was then

introduced to the prep chamber and pumped down until vacuum was recovered overnight. Once
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the pressure in the prep chamber reached 3x10° Torr, the sample was introduced to the main
analysis chamber. XPS data analysis was performed with a THERMO AVANTAGE software by
Thermo Fisher Scientific. XPS spectra of Fe 2p, Co 2p, Al 2p, C 1s, and O 1s were collected.
Typical acquisition conditions were as follows: Sample annealing time = 5 min; Pressure before
annealing = low 1071° Torr; Pressure after annealing = 3x107° Torr; X-ray Power = 300W, V=10
kV, 1= 30 mA; Distance from the analyzer orifice = 4.5 cm; Angle to the analyzer with respect to
the surface normal = Q° Pass energy = 50 eV; Scan rate = 0.1 eV/200ms. The analysis of Fe 2p
XPS photoemission was straightforward while that of Co 2p proved more challenging because the
Fe Auger lines contribute to the spectra in the Co region when using the Al Ka. radiation source.
Mg Ka stimulated emission was more conclusive, although the O KLL Auger emission interfered
with the Co signal. This was deconvoluted for quantitative analysis. All spectra were calibrated
with respect to adventitious carbon (sp®) at a binding energy of 285 eV.
2.2 Kinetic Theory

Solid-state kinetic modeling methods were implemented to determine a rate expression for
each of the samples tested to analyze the effect of increasing cobalt content on the kinetic behavior
of the oxidation reaction in spinel aluminates. The isothermal, isoconversional (model-free)
method was first used to estimate the activation energy for each sample without modelistic
assumptions [31, 32]. Using this method, the isothermal rate law in Equation (4) was utilized to
determine the activation energy for the reaction at each conversion point.

g(a) = Ae~FalRT (4)

where A is the pre-exponential (frequency) factor, Ea is the activation energy, T is the temperature,

R is the gas constant, t is the time, and g(a) is the integral reaction model. Taking the natural



logarithm of Equation (4) results in Equation (5). A plot of Int versus 1/T for each conversion

gives the isoconversional activation energy.

Int, =—1In (g?a)) + %; (5)

Evaluation of the behavior of the isoconversional activation energy versus conversion allows for
a determination of how many mechanisms control the rate-limiting step of the reaction. If the
activation energy appears constant, then a single mechanism is responsible for the rate-limiting
step [31]. A conventional isothermal model-fitting method was then applied to the range of
constant isoconversional activation energies to determine the Kinetic triplet: g(a), A, and Ea [31,
33]. The rate constant, k, is determined for the model that best fits the data according to Equation
(6) for each temperature studied. After determining the best fitting model and k, Ea and A are
obtained using the Arrhenius expression. The 17 solid-state kinetic models explored in this study
are listed in Table 1.
g(a) =kt (6)

Table 1. Solid-state rate expressions for the 17 models evaluated in this study.

Model Differential Form: f(a) = %Z—': Integral Form: g(a) = kt
Nucleation Models

1 1

Power law (P2) 202 .

2 1

Power law (P3) 343 o3

3 1

Power law (P4) Aok a%
. s 1 1
Avarami-Erofe’ev (A2) 2(1—a)[-In(1 - @)]2 [—In(1 - a)]2
. R 2 1
Avarami-Erofe’ev (A3) 3(1 — a)[-In(1 — )]3 [—In(1— a)]3




Avarami-Erofe’ev (A4) 4(1 — a)[-In(1 - a)]% [—In(1 — a)]%

Prout-Tompkins (B1) a(l—-a) In (1 f a)

Geometrical Contraction Models

Contracting area (R2) 2(1— a)% 1—(1- a)%

Contracting volume (R3) 3(1 - a)% 1—-(1- a)%

Diffusion Models

1D diffusion (D1) %a a?
2D diffusion (D2) [-In(1—a)]? l1-a)lh(l-a)+a
. . 3 2 1 -1 1 2
3D diffusion (D3) > (1-a)3 [1 —-(1- a)ﬁ] [1 -(1- a)i]
o : 3 1 2 2
Ginstling-Brounshtein (D4) > ((1 —a) 3— 1) 1-— §a —(1-a)

Reaction-Order Models

Zero-order (FO0) 1 a

First-order (F1) 1-«a —In(1 —a)
Second-order (F2) (1-a)? 1-a)yt-1
Third-order (F3) 1-a)3 %((1 —a)72-1)

3. Results and Discussion
In order to understand the role of cobalt in the redox behavior of the spinel aluminates, four
materials with different cobalt compositions were evaluated: 0% Co, 5% Co, 25% Co, and 40%

Co. Here, we report and discuss the general findings from the TGA results and the Kinetic triplet
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for each system studied using solid-state kinetic modeling. Results from XPS of 0% and 10% Co
samples, both as prepared and reduced at 1300°C, are presented to further support the results from
the kinetic analysis.
3.1 Thermogravimetric Results

The conversion versus time data extracted from the TGA experiments for each of the
samples analyzed are shown in in Figure 1 for CO2 reduction at 1350°C and clearly illustrate the
effect of increasing the cobalt concentration on increasing reaction rates. Addition data for each
material at four CO- splitting temperatures ranging from 1200 to 1350°C with a constant metal-
oxide reduction temperature of 1450°C are shown in Figure S6.

120

100 I AT . In addition to conversion, CO

80

0 production at each temperature was extracted

- - 0%Co

5% Co under the assumption that all mass gain of the
---25%Co
A ——40% Co sample resulted from incorporation of oxygen
0 f f f t f

0 0.5 1 15 2 2.5 3 from CO2 during the formation of CO in
Time (hr)

Conversion (%)

40

20

Figure 1. A comparison of the extracted conversion accordance with Equation (2). The resulting
versus time data for each of the samples tested at
1350°C. CO production is shown in Figure 2. Measured

CO productions reach up to 997 umol CO/g for the un-doped hercynite sample at 1200°C. The
addition of cobalt in the hercynite material results in a substantial decrease in CO production, with
up to an 80% decrease at 1200°C between the 0% Co and 40% Co samples. In previous studies of
water splitting with Coo.4FeosAl204 in a stagnation flow reactor (SFR), 156 pumol Ha/g was

produced at an oxidation temperature of 1350°C [28]. This is in good agreement with the CO
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production achieved by the TGA in this experiment (158 umol CO/g at 1350°C by the 40% Co

sample). This is expected because the required reduction enthalpies for splitting water and carbon

dioxide are similar and the redox reaction is expected to behave similarly [28, 34]. This agreement

also validates the assumption that the mass gain can be attributed to the production of CO gas via

Equation (2). The fuel productions from the 0% Co sample in this study and that measured in

1200 T
1000 £ ..
800 £ el
600 +
400 + R
200 + —

0+ : : : :
1150 1200 1250 1300 1350 1400
Oxidation Temperature (°C)

CO Production {(pmol/g)
:
!

- - 0%Co 5% Co - - -25% Co 40% Co

Figure 2. CO productivities for all four samples at
each temperature studied under the assumption that
all mass change in the sample is associated with CO.

previous SFR experimental studies cannot be
compared because the sample tested in the
SFR was only oxidized for 15 minutes and
was not allowed to reach steady state [28]. The
curves plotted in Figure 1 suggest that only a
fraction of the mass gain occurs within the
first 15 minutes for the 0% Co sample,

reaching approximately 40% of its steady

state conversion, while the 40% Co sample reached greater than 90% of its steady state conversion

after 15 minutes.

12



3.2 Isoconversional Kinetic Modeling
For each of the compounds studied, the isoconversional (model-free) method was used to

determine the range of conversions over which Ea is stable and thus the system is controlled by a

a) b) single mechanism. All
~.350 c 400
o 336
£ 300 S 350 1 . .
2 250 £330 1 29 287 ?  materials  exhibited
3200 < E 250 32‘;{59 ............
2150 §320 similar behavior with
c 100 £ 150 +
=] o U
E 50 € & 100 |
2 | constant Ea over the
< 2

=50 0

0 20 40 60 80 10¢
Conversion (%)

0 0.1 02 03 04 range o= 0.20 — 0.70
x in Co,Fe, Al,O,

Figure 3. a) E. over the conversion range determined using an isoconversional - (see  Figure 3a for
method for 0% Co. E, is stable over the range a. = 0.20 — 0.70. b) E. for each
compound studied determined using the isoconversional (model-free) method. FeAl,04). This range

of conversions was utilized for the model-fitting method of analysis described in the next section.
The activation energies estimated using the isoconversional method for each compound are
plotted in Figure 3b. Eaincreased with higher cobalt content from 240 kJ/mol for the 0% Co sample
to 336 kJ/mol for the 40% sample. These values serve as a comparison point for Ea determined in
combination with g(a) and A using the model-fitting method.
3.3 Conventional Model Fitting Approach
Utilizing the range of conversions determined with the isoconversional method, a
conventional isothermal model-fitting method was then used to determine g(a), A, and Ea. A
linear fit of the 17 solid-state kinetic models tabulated in Table 1 was performed to determine k of
the model that best fits the data according to Equation (6). These models include nucleation
models, geometrical contraction models, diffusion models, and reaction order models. The
goodness of fit of each of these models for the case of 0% Co is shown in Figure S7. A first-order

reaction model (F1) has the best fit to the experimental data for all systems evaluated with a
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coefficient of determination > 0.98 in all cases over the range oo = 0.20 — 0.70. This is in line with
the study of other materials for solar thermochemical fuel production which show a similar F-
family rate-limiting step [34-36], although combined reaction order and diffusion models have
been identified for some materials [35, 37]

The resulting rate constants for each material from the F1 model are shown in Figure 4a.
The Ea and A computed for each material from k using the Arrhenius equation are displayed in
Figure 4b while the resulting conversion versus time curves are plotted in Figure S8. As the
qualitative results in Figure 1 indicate, increasing the cobalt content in the spinel aluminates
increases the rate constant. The activation energies determined from this model-fitting approach
show excellent agreement with those determined from the isoconversional model-free method with
less than a 5% difference for all compounds. While the overall rate constant increases with
increasing cobalt content, this increase in rate is driven by an increase in the pre-exponential factor
because a partially offsetting increase in the activation energy also results from increasing cobalt
content. It has previously been hypothesized that the presence of cobalt further accelerated the
overall water splitting surface reaction [28]. Based on the results presented here, cobalt increases
the reaction rate not by lowering Ea of the overall reaction, but by increasing A by some other

effect, such as increasing the number of active sites, in this case, oxygen vacancies.
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Figure 4. a) Rate constant (k) for each of the materials studied at four oxidation temperatures. The rate
constant increases with increasing temperature and increasing Co concentration. b) Activation energy
(green) and pre-exponential factor (blue) determined from a conventional isothermal model-fitting
method using the Arrhenius equation.

The results illustrated in Figure 2 and Figure 4 highlight the tradeoff between the
thermodynamic and Kkinetic performance caused by the incorporation of cobalt into the hercynite
spinel structure. While k increased by more than a factor of 4 for the 40% Co sample relative to
the 0% Co sample at an oxidation temperature of 1350°C, for these same samples and oxidation
conditions, the CO production decreased by 75% with the incorporation of 40% Co. This effect
suggests that Co concentration offers a clear tuning parameter in the design of larger scale systems
as it could be precisely tuned for optimal kinetic and thermodynamic performance of a given
reactor configuration.

The F1 rate expression identified here represents an overall mechanism whose kinetics are
controlled by an Arrhenius reaction with a first-order rate-limiting step. In the CO> reduction
reaction by the spinel aluminates studied here, an F1 reaction may be limited by CO, adsorption,
CO: dissociation/surface vacancy elimination, or CO desorption. The identification of the F1
mechanism does not enable the determination of which of these processes is rate-limiting;
however, based on several evaluations of typical values of A and their rate-limiting steps for a wide

variety of reactions on different surfaces, the values A of 10* — 102 s reported in Figure 4 are
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higher than typical first-order values of A for adsorption (10"* — 10* s*) and lower than those for
desorption (10%2 — 10*® s1) [38-43].

Therefore, the Ea and A determined in this work for a surface mediated F1 reaction
mechanism indicate that the reaction is limited by CO; dissociation/surface vacancy elimination
so the availability, local environment, and energy of oxygen vacancies at the surface will play a
key role in the kinetic behavior of the material. The lower CO production measured in the samples
with higher cobalt content may be linked to the total number of oxygen vacancies formed during
the thermal reduction process or it could be related to further reaction of CO with metallic Co (if
present) to form Co.C as identified in Fischer Tropsch reactions [44, 45]. This is known as
Boudouard reaction (Experimental and Kinetic Analysis for particle scale 2 modeling of a CuO-
Fe203-Al203 oxygen carrier during 3 reduction with CO in Chemical Looping combustion
applications, Jarrett Rileya, Ranjani Siriwardane, Hanjing Tian, William Benincosa, and James
Poston (Applied Energy 228:1515-1530 (2018)). where two molecules of CO react with a metal
center giving one molecule of CO2 and depositing carbon. Carbon deposited can be amorphous
or may form a metal carbide. If this reaction occurs then a complete cycle of CO2 reduction to CO
(2C0O2+ 2Vo > 2 CO + 20s) and the latter further reacting to CO2 (2 CO - Cs + CO») results
in one carbon atom and two oxygen atoms, consuming two Vo (CO2 + Vo = 20s + C); where s,
and Vo stand for surface and oxygen vacancy, respectively. XRD analysis did not indicate the
presence of Co.C species after CO reduction possibly because if any its formation will be too
small to detect. Yet the fact that the materials maintained many cycles indicate that if the above
set of reactions occurs it is not dominant. The higher pre-exponential factor in Co-containing
samples when compared to that of the samples without Co indicates that the Co may increase the

rate by either offering an alternative reaction pathway or by increasing the concentration of reactive
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sites (oxygen vacancies) near the surface. As in-situ XPS analysis shows below, the overall
concentration of surface and near-surface reduced states is higher when Co is introduced into
hercynite suggesting that the number of oxygen vacancies (or centers to abstract oxygen anions
from COy) has increased.
3.4 XPS Analysis

The positive correlation observed between A and Ea has been noted in many catalytic and/or
surface mediated processes [39, 40, 46-50]. However, to further probe the surface and near surface
electronic states of the spinel aluminates and discover the origin of the increased reaction rate in
the cobalt-containing samples, in-situ XPS was conducted on two samples (0% and 10% Co). Each
were analyzed as-prepared at 25°C and in-situ upon heating in ultra-high vacuum (< 10° Torr) at
1300°C. The C 1s, O 1s, and Al 2p core emission lines are shown and described in Figure S9 of
the SI. The main changes between the room temperature and reduced samples relevant to the CO-
splitting reaction are indicated by the XPS Fe 2p and Co 2p emission lines. In the Fe 2p region of
the spectra of the 25°C sample (Figure 5a), both Fe?* and Fe3* cations are observed. The presence
of Fe3* cations in FeAl,O4 has been reported previously and may result from the formation of small
clusters of Fe>O3 /Fes04 on the surface, although Mdssbauer spectroscopy indicates that some
octahedrally coordinated Fe cations are in the +3 oxidation state in pure FeAl,O4 [51]. Satellite
signals for both oxidation states are found at ca. 6 eV above the main core lines, although the Fe?*
satellite is more pronounced than that of Fe** [52].

Figure 5b displays the same Fe 2p XPS emission lines for FeAl,O4 after it was heated to
1300°C under vacuum with the main difference being the ratio of Fe?* to Fe3*. The ratio before

heating is measured to be 1.89:1 while heating increased this ratio to 2.84:1 (Table 2) which
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provides evidence of reduction of Fe cations upon heating. There is also a small presence of Fe°

(0.36 %). In total, the reduction decreased the population of Fe3* by about 25%.
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Figure 5. XPS Fe 2p spectra of (a,b) 0% Co and (c,d) 10% Co before and after heating in ultra-high
vacuum at 1300°C. Heating causes a considerable increase of the Fe 2pa.12 lines attributed to Fe?* in
both samples and the appearance of peaks related to Fe? in the Coo.10F€0.90Al.04 sample.

A similar analysis was conducted for the Co containing spinel material. As Figures 5c-d
show, the Fe?* contribution increased and a non-negligible amount of Fe® appeared upon heating.
The ratio of Fe**/Fe®* increased from 1.81:1 to 3.92:1 indicating a decrease in the Fe** population
by ~43%, as shown in Table 2. This provides evidence that the presence of Co cations resulted in
further reduction of Fe** to Fe?* and of Fe?* cations to Fe® which is not observed in the absence of
Co. Similar consecutive cation reduction reactions have previously been observed by in-situ XPS
for other systems [53]. This results in increasing the number of sites that can abstract oxygen

anions from CO- to produce CO.
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The Co 2p region of the XPS spectra is more complex to analyze and we have opted to
provide only qualitative information (Figure 6). Using an Al K source for photoexcitation
produced spectra with Fe Auger lines in the Co region. Therefore, we opted to use a Mg Ka X-Ray
source which resulted in some contribution from the O KLL Auger signal in the Co 2p region, but
the remaining region was adequate for the type of analysis conducted. The doublet at 795 and
801.5 eV in Figure 6a can be attributed to Co 2ps, of Co?*/Co®" and its satellite. It is worth noting
that the binding energy shift between Co3* and Co?* is about 0.3 eV, which is within the detection
limit of the XPS used [54]. From the Co 2p12 and spin orbit splitting value of 15 eV, we fit the Co
2p3s2 for both the main peak and its satellite [55]. The large peak at 786 eV and the small peak at
777 eV are due to the O KLL Auger signal with the latter overlapping the XPS Co 2ps/2 of Co°
emission. As Figure 6b shows, heating the oxide to 1300°C resulted in an increase of the peak at
777 eV that we attribute to Co®.

Overall, heating Coo.1Feo.9Al204 in vacuum at 1300°C resulted in the reduction of a fraction

of the Fe and Co cations into their metallic states. This may be due to the presence of small

a) b)

— Co 2p - 25°C OKLL| _ Co2p-1300°C O KLL

A= L x Co 2p;3pn A

= Co 2p;3;, fy g :

S Co 2pyp AE, Co¥2" 5 Co2pip AE, (g3

8 AE; | Co32+ sal,\/ i ) AE; {Co™ sat.

= o ! @ L AE,.CQY

(=] \ ! _ = ]

g 1 1 | 1 1 : g : \ /

O ot pb o] Qe R R T e
808 803 798 793 788 783 778 773 808 803 798 793 788 783 778 773

Binding Energy (eV) Binding Energy (eV)

Figure 6. XPS core lines of Co 2p in the 10% Co sample (a) before and (b) after
heating in ultra-high vacuum at 1300°C. The Co®**"?* peak at about 780 eV (with a
large contribution from the Auger line, O KLL) increases after heating which might be
due to increasing amounts of reduced Co cations when compared to the as prepared
sample. This, together with the increased intensity of the 777 eV line mostly attributed
to Co?, indicate the reduction of Co cations. AE;, AE, and AEs are the spin orbit
splitting of Co?, Co** and a satellite.
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transition metal oxide clusters, in the form of Fe-O-Co, Fe-O-Fe, and/or Co-O-Co sites on the
surface, which give rise to these metallic species upon heating. It is also possible that electrons
diffuse between phases across their interface. Our XPS data indicate that in 0% Co Fe®" reduces
to Fe?* while in 10% Co Fe®*?* and Co®**/?* reduce to Fe® and Co®. During surface and near surface
oxidation by the CO; splitting reaction two electrons associated with a metallic species are
transferred to an oxygen atom which is reincorporated into the lattice in the place of an oxygen
vacancy. While this reaction requires two Fe?* cations in FeAl,O4 to be oxidized to Fe3*, in the
presence of metallic Fe® or Ca° only one neighboring transition metal site is required. While
ideally one can monitor this with XPS O1s, O1s signal of power oxide materials is difficult to
study because of any traces of water in the environment (even at 107° torr) may change its surface
concentration invalidating the quantitative analysis. That is because the sticking coefficient of
water on reduced metal oxides is near unity. By monitoring the Fe2p and Co2p lines we found
that heating the hercynite containing Co cations resulted in increasing the amounts of metallic Fe
when compared to FeAl.O4 alone. This occurred in addition to the reduction of Co cations to
metallic Co. The reduction to metallic state would inevitably lead to structural collapse or
distortion, yet this seems to be reversible, because the CO. reduction cycles experiments.
Therefore it is not possible to discern phase segregation from cationic reduction in a distorted
structure. There might also be a blocking effect of the bulk-spinel with increasing Co content and
that can explain the fast CO> reduction and at the same time the weaker overall conversion. We
propose that the reduction of Fe**/?* and Co®"?* to metallic species, which occurs in the cobalt-
containing sample, provides these new sites for the CO. splitting reaction which in turn is

postulated to enhance the reaction rate through an increased pre-exponential factor.
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Table 2. Extracted percentage of Fe oxidation states from XPS Fe 2p lines in FeAl,O4 and C0o.10Fe0.90Al204

before and after heating in vacuum at 1300°C. All lines are corrected to the relative sensitivity of the

elements.
Fe'/Fe'
Compound | Temperature | Fe’ % | Fe' % | Fe'" % | Fe/Fe’ | & "¢
adjusted
25°C 0 65.5 34.5 1.89 -
FeAl>,O4
1300°C 0.36 73.7 259 2.84 2.89
1300°C 0 64.4 35.6 1.81 -
Coo.1FegoAl204
1300°C 6.4 73.3 20.3 3.92 4.55

The ratio Fe**/Fe®" is adjusted taking in consideration the number of transferred electrons with
(peak area of Fe® x 3 + peak area of Fe?*)/peak area of Fe*".
4. Conclusions

In this work, solid-state kinetic analysis was performed on four spinel aluminate samples
(FeAl204 (0% Co), Coo.05Fe0.905A1204 (5% Co), Coo.25Fe0.75A1204 (25% Co), and Coo.40Fe0.60Al204
(40% Co)) to model their oxidation kinetics in CO. splitting experiments. Thermogravimetric
analysis was utilized to measure the conversion over time at four oxidation temperatures ranging
from 1200°C to 1350°C. Measured gas production ranged from 158 umol CO/g for the 40% Co
sample at 1350°C to 997 umol CO/g for the 0% Co sample at 1200°C. Utilizing a conventional
isothermal model-fitting method, the F1 model representing first-order kinetics was found to most
accurately represent the experimental data over the conversion range of a=0.20 —0.70 for all of
the materials studied. The computed rate constants, activation energies, and pre-exponential
factors all increase with increasing cobalt content based on this F1 model. The rate constant
increased by up to a factor of 4 with the incorporation of cobalt into the sample. In-situ XPS
analysis indicates that the rate is enhanced in the cobalt-containing samples due the presence of
metallic Co and Fe species on the surface of the reduced cobalt-iron aluminate surface. These

metallic species provide alternative sites for the CO> splitting reaction which are not present on
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the surface of hercynite and only require one neighboring transition metal site. The presence of
these sites in the cobalt-aluminate compounds is found to enhance the rate of reaction through an
increased pre-exponential factor.
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Figure S2. SEM images before cycling for the five compositions used in
the TGA and XPS experiments: 0% Co, 5% Co, 10% Co, 25% Co, and
40% Co.
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Figure S3. SEM images after cycling for the four compositions used in the
TGA experiments: 0% Co, 5% Co, 25% Co, and 40% Co. Due to the small
sample size utilized in XPS, SEM of the 10% sample could not be
obtained.
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Figure S4. Particle size distributions before (black) and after (grey) cycling for
the 0% Co sample. The average particle diameters before and after cycling were
67 = 34 um and 64 + 41 pm, respectively, which was determined to not be
statistically significantly different.
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Figure S5. Example temperature program utilized for the kinetic analysis. Each
oxidation step is highlighted in green. The actual times utilized for each oxidation step
varied from 2 to 8 hours depending on the temperature and the amount of time required
for each material to reach equilibrium. The reduction time and temperature were
constant at 150 minutes and 1450°C. The initial ramp and hold at 1450°C to remove
existing organics species is highlighted in grey.
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For both as-prepared samples, the C 1s region shows the presence of large amounts of
adventitious graphitic carbon, as is usually the case for powder materials, and the presence of
carboxylate (-COO-) species, with a binding energy at ca. 289 eV, left over from the synthesis
method. After heating under vacuum, the XPS C 1s contribution decreased considerably in both
samples due to the removal of graphitic layers as CO/CO.. Inthe Al 2p region of both compounds,
A" is seen with a peak centered at 74.5 eV corresponding to Al 2ps2,12 With no change after
heating, indicating that Al is not a redox active species, as expected. The O 1s region of the as-
prepared oxides is typical for an un-reduced material with the lattice oxygen peak centered at 530.5
eV, a signal for irreversibly adsorbed water at 532.5 eV, and surface hydroxyls at ca. 531.5 eV,
which is not deconvoluted in the figure for the sake of simplicity. Upon heating to 1300°C the O
1s region shows a decrease in adsorbed water and a slight shift in the binding energy of the lattice
oxygen to 530.8 eV (from 530.5 eV). This shift may be due to some bulk reduction of the oxide
material. While no references for the XPS O 1s of reduced FeAl,O4 were found, similar shifts for

reduced TiO2 and reduced CeO: are routinely observed [56-58].
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Figure S9. XPS regions for Al 2p, O 1s, and C 1s in FeAl,O, as-prepared at 25°C (top) and after
reducing at 1300°C in vacuum for 5 minutes (bottom).
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Figure S10. XPS regions for Al 2p, O 1s, and C 1s in Coo.1FeosAl,O4 as prepared at 25°C (top)
and after reducing at 1300°C in vacuum for 5 minutes (bottom). as-prepared at 25°C (top) and
after reducing at 1300°C in vacuum for 5 minutes (bottom).
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