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’ INTRODUCTION

Iron oxide and metal-substituted ferrites (MxFe3�xO4) are
attracting considerable interest for use as intermediates in
chemical looping processes1,2 and thermal redox cycles for the
renewable production of H2 in concentrated solar power
applications.3�5 In addition, these metal oxides can be used
as catalysts for the decomposition of NOx,

6,7 organic
contaminants,8,9 decomposition of biomass tars,10 and for the
production of H2 via the water gas-shift reaction.11,12 Their
magnetic properties alsomake them an attractive catalyst support
since they facilitate downstream separation in large-scale envi-
ronmental catalysis applications.13

Achievement of a detailed understanding of the mechanisms
and rate-limiting steps, and the practical development of such
processes, are often hindered by morphological instabilities that
exist in ferrite powders and dense composites. For example,
Bleeker et al., using iron oxide particles in a two-step redox cycle
to produce H2 from steam,14,15 observed grain growth with
increased cycling leading to decreased surface area and ultimately
to reduced conversion efficiency. Similar behavior was observed
by Bohn et al. when fully reducing iron oxide particles to metallic
iron in a packed bed reactor.2 In this case, however, deactivation
was abated when the iron oxide was only partially reduced to the

wustite phase (FeO). Ferrite-based thermal gas splitting cycles
operating at high temperature (1400�1600 �C) suffer from
similar issues. In this case, Fe3þ ions are thermally reduced to
Fe2þand then reoxidized by H2O or CO2 to produce H2 or CO.
Steinfeld et al. showed that CO2 gas splitting by reaction with
FeO particles depends strongly on surface area and attributed
this to a rate-limiting surface chemical reaction.16 In addition,
Weidenkaff et al. observed an FeO particle size dependence on
H2O splitting, and concluded this is due to bulk diffusion
limitations.17 In an effort to eliminate sintering problems that
effectively shut down the gas splitting reaction, ferrites deposited
on porous support materials such as SiO2, Al2O3, ZrO2, and
yttria-stabilized zirconia (YSZ) were proposed by several
investigators.3,4,18,19 However, these supports are not always
chemically inert, as Kodama et al. subsequently observed of
ZrO2 supports, further complicating the mechanistic picture.20

These results make it clear that a versatile material platform, in
which the oxide morphology and composition are stable and can
be controlled, would be highly advantageous for probing the
kinetics of these high-temperature metal-oxide processes. In
addition, such a platform would have significant practical
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ABSTRACT: Iron oxide (γ-Fe2O3) and cobalt ferrite
(CoxFe3�xO4) thin films were synthesized via atomic layer
deposition (ALD) on high surface-area (50 m2 g�1) m-ZrO2

supports. The oxide films were grown by sequentially deposit-
ing iron oxide and cobalt oxide, adjusting the number of iron
oxide to cobalt oxide cycles to achieve a desired stoichiometry.
High resolution transmission electron microscopy and X-ray
diffraction indicate that the films are crystalline and have a
thickness of ∼2.5 nm. Raman spectroscopy was used to
confirm the predominance of the spinel phase in the case of cobalt ferrite. Films were chemically reduced at 600 �C using mixtures
ofH2,CO, andCO2.The evolution of oxide phases as a function of timeduring this reductionwas observed using in situX-ray diffraction,
showing that γ-Fe2O3 are reduced only to FeO, while CoxFe3�xO4 are reduced all the way to a Co/Fe alloy. Subsequent water splitting
measurements in a stagnation flow reactor yielded peakH2 rates exceeding virtually all of those reported in the literature. Co0.85Fe2.15O4

films were successfully cycled without deactivation and produced four times more H2 than γ-Fe2O3 films principally because of the
deeper chemical reduction possible. Together, these results suggest a path to robustmaterials for chemical looping cycles and thermal gas
splitting. They also indicate that ALD films can serve as an effective platform for probing the surface chemistry of these processes, since
they maintain their reactivity at these temperatures, in contrast with oxide powders that are deactivated by sintering and grain growth.
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advantages if a high surface area can also be achieved to increase
conversion efficiencies and reaction rates.

Thin films deposited by atomic layer deposition (ALD) have
the potential to meet these requirements. Unlike solution and
line-of-sight methods used to synthesize metal-substituted fer-
rites, including solution combustion synthesis,6 aerial oxidation
of aqueous suspensions,5 sol�gel process,8 laser molecular beam
epitaxy,21 sputtering,22 and chemical vapor deposition (CVD),23

ALD can produce conformal thin films on porous materials.
Because of the self-limiting nature of ALD chemistry, precursors
of one-half-reaction react only on the surface with intermediate
functional groups generated by the other precursor. This ensures
atomic level control, since at most one submonolayer is depos-
ited per half-reaction; it also allows film thickness to be accurately
controlled. Growth of cobalt oxide films is accessible by ALD and
has been achieved on a wide array of surfaces using precursors
such as bis(N,N0-diisopropylacetamidinato)cobalt(II),24 CoI2,

25

and Co(thd)2.
26,27 Similarly, iron oxide films have been depos-

ited using bis(N,N0-diisopropylacetamidinato)iron(II),24 Fe-
(acac)3,

28 Fe(thd)2,
29 Fe(thd)3,

30 iron(III) tert-butoxide,31 and
ferrocene.32,33 As a result, various CoxFe3�xO4 stoichiometries
can be deposited by combining selective organometallic precur-
sors in alternating doses of correct proportions.34

Here, we describe the development of an ALD-based platform
for probing high-temperature metal-oxide redox cycles. We
then demonstrate production of H2 via a water-splitting (WS)
redox cycle and measure the reaction rate as a function of time
and number of reaction cycles. Growth of nanoscale (e10 nm)
Fe2O3 and CoxFe3�xO4 films on high surface-area monoclinic
ZrO2 supports (50 m2 g�1) was achieved using ferrocene and
cobaltocene as the iron and cobalt sources and O2 as the oxidant.
Mass loadings up to 37 wt % were achieved while maintaining
a gas-permeable structure. The resulting materials have relatively
stablemicrostructures up to 600 �C. These properties allow them
to be used in a variety of chemical looping and thermal redox
cycles at reasonable conversion rates without the progressive
loss of surface area that occurs in some materials and ulti-
mately limits efficiency and lifetime. An additional advantage is
that surface-limited gas splitting kinetics can be probed, since
bulk and/or grain-boundary diffusion limitations that rapidly
develop with powders or nonporous solids is significantly
mitigated.

Water splitting was achieved by first chemically reducing the
films in a synthesis gas atmosphere, then exposing them to steam
to form H2 and regenerate either Fe3O4 or CoxFe3�xO4. A key
finding is that the peak, mass-normalized H2 production rates are

nearly an order of magnitude faster at 600 �C than virtually all
previously reported oxide materials, clearly demonstrating the
advantage of this platform. In addition, we find that the Cox-
Fe3�xO4 ALD films yield significantly more H2 than ALD-
deposited Fe2O3 (a factor of 2 or more) because of the formation
of a stable redox-active Co�Fe alloy in the fully reduced state.
These results represent a major improvement over traditional
materials used in thermal gas splitting redox cycles and suggest a
path toward the development of effective materials for solar
driven fuel production. They also demonstrate that these novel
materials are an effective, tunable platform for fundamental
investigations of gas splitting, from which much-needed kinetic
data can be obtained.

’MATERIALS AND METHODS

ALD Synthesis. Multilayers of iron(III) oxide and cobalt(II) oxide
were deposited on porousm-ZrO2 substrates (Brunauer�Emmett�Teller
(BET) surface area = 50 m2 g�1, Alfa Aesar) via ALD in alternating cycles
according to the schematic shown in Figure 1a. Details of the reactor
configuration are described elsewhere.33 The zirconia supports were
ground with a mortar and pestle and sieved to particle sizes in the range
149�250 μm to facilitate gas diffusion through the entire porous structure
and achieve conformal coverage of the deposit. Growth occurred at 450 �C
and at a reaction pressure of 200 mTorr.

Iron(III) oxide deposition consisted of flowing ferrocene (99%
purity, Alfa Aesar) or high purity oxygen (99.9%) into the reactor, with
each dose representing one-half of the ALD cycle. A saturated vapor of
ferrocene in nitrogen was delivered through a 200 mL bubbler
(Precision Fabricators Ltd.) heated to 60 �C. The reactor was then
purged with pure nitrogen to remove any unreacted ferrocene and
vapor-phase byproducts of the ALD chemistry. Subsequently, oxygen
was introduced into the reactor followed by a second nitrogen purge.
Layers of cobalt(II) oxide were deposited in an identical manner to that
of iron(III) oxide using cobaltocene as the organometallic precursor.

In situ mass spectrometry was used to monitor the extent of reaction,
as is commonly done.35,36 A plot illustrating the self-limiting nature of
the ALD chemistry is shown in Figure 1b. Each half reaction for both
Fe2O3 and CoO deposition is clearly observed. Fe2O3 is deposited in the
first two cycles and is characterized initially by an increase in the CO2

partial pressure resulting from a reaction between ferrocene and the
oxide surface. Once the deposition nears completion, a mass spectral
feature associated with the organometallic precursor at an m/e = 65
increases as the unreacted ferrocene breaks through the reaction zone.
The partial pressure of CO2 also begins to decrease at this point.
Following a nitrogen purge the surface is oxidized with O2 and an
increase in CO2, which is also a byproduct of this half reaction, is

Figure 1. (a) Schematic of CoFe2O4 synthesis process by ALD, and (b) corresponding in situ mass spectrometry results showing Fe2O3 and CoO
deposition cycles.
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observed. Once O2 breakthrough is achieved, indicating a termination of
the half reaction, CO2 again decreases. This process is repeated with
ferrocene for one more cycle, shown in the center segment of Figure 1b,
and then CoO is deposited using cobaltocene. The CoOALD chemistry
is nearly identical to that of ferrocene, evidenced by similar temporal
behavior of the precursor and byproduct spectral patterns.
Material Characterization. Electron microscopy was used to

characterize morphology and crystallinity of the as-deposited ALD films,
using a JEOL 2010F field-emission transmission electron microscope
(HRTEM) operating at 200 kV. The coated support material was lightly
crushed using a mortar and pestle, then sonicated in ethanol. Copper
TEM grids with a thin carbon support film were dipped into the
suspension and allowed to dry. A JEOL 7600F field-emission scanning
electron microscope (FESEM) operating at 4 kV and 15 kV was also
used to examine surface morphology and local chemical variation. Here,
samples were mounted on conductive tape and sputtered with carbon.
Elemental composition was determined via energy dispersive X-ray
spectroscopy (EDS) in the FESEM, and induced coupled plasma�
atomic emission spectroscopy (ICP-AES). Surface areas were deter-
mined using a Micrometrics Gemini V BET surface area analyzer.

A Raman microscope was used to interrogate phonon modes in the
films to fingerprint the chemical structure of the deposits. Spectra were
acquired ex situ in a 180� backscattering geometry using a 100�
objective lens and 532-nm excitation from a frequency-doubled Nd:
YAG laser. The scattered light was filtered by a film polarizer in crossed
polarization with the incident, linearly polarized light to reduce the non-
Raman background. A Semrock edge filter was used to reject the
elastically scattered light. A spectrograph with a single 1200 groove
mm�1 grating dispersed the light onto a CCD detector cooled by liquid
nitrogen. The laser has a spot size of approximately 1 μm, and Raman
spectra were collected at multiple locations on the sample surface. The
spectrometer was calibrated with a neon lamp.

High-temperature X-ray diffraction (HT-XRD) experiments were
performed using a Scintag PADXdiffractometer (Thermo Electron Inc.;
Waltham, MA). This diffractometer is equipped with a sealed-tube
source (Cu KR, λ = 0.15406 nm), an incident-beam mirror optic, a
peltier-cooled Ge solid-state detector, and a Buehler hot-stage with Pt/
Rh heating strip and surround heater. The hot stage lies within a sealed
cell with X-ray-transparent beryllium windows, and is operable from
ambient temperature to 1600 �C, and at gas pressures from 10�9 to 103 Torr.

A gas manifold was attached to the inlet of the reaction cell allowing the
controlled flow of helium, hydrogen, and carbon dioxide through the
cell. Suitable gas compositions were achieved usingmass flow controllers
(Brooks Instruments).

In situ HT-XRD experiments were conducted at atmospheric pres-
sure under gas flow rates of 500 sccm. Samples of typically 20�30 mg
material were analyzed as thin layers (ca. 50�100 μm) of powder on top
of single-crystal Æ100æ 9 mol.-% yttria-stabilized zirconia (YSZ) platelets
(10 mm� 10 mm� 0.5 mm,MTI Corporation). Experiments involved
purging the reaction cell with He, then ramping the temperature to
600 �C before switching to a reducing gas mixture (2340 ppm H2 and
2340 ppm CO2). Diffraction patterns were recorded at room tempera-
ture and at 600 �C under He, and then continuously at 600 �C for 2�4 h
after introducing the reducing gas. A final XRD pattern was recorded
after cooling the sample to ambient temperature. Heating and cooling
ramp rates were set to 20 �C min�1. Using this experimental config-
uration, phase fractions as low as approximately 1 wt % can be reliably
detected. Temperature calibration was performed using the thermal
expansion behavior of known materials (e.g., alumina or Pt) to an
accuracy of (5 �C. Diffraction patterns were collected at 40 kV and
30 mA using fixed slits and a count time of 1 s.
Stagnation Flow Reactor. Samples were reduced and oxidized in

a stagnation flow reactor (SFR) shown in Figure 2. The reactor consists
of a stainless steel gas-handling manifold, ceramic reactor core, high
temperature furnace (Carbolite STF16/180), and modulated effusive
beam mass spectrometer. The ceramic reactor core is configured to
allow inlet gases flowing downward toward the round-bottom, closed
end of an Al2O3 tube (McDanel Advanced Ceramic Technologies) to
impinge on a zirconia disk. Gases then turn 180� and exit via an annular
space between the walls of two concentric tubes (see cross sectional view
and flow stream lines in Figure 2). The distance between the zirconia
disk and bottom of the inner tube wall was maintained at 8 mm to ensure
ideal stagnation flow behavior, as determined by two-dimensional (2-D)
computational fluid dynamic (CFD) calculations. The gas-phase region
above the zirconia disk between centerline and inner tube radius can be
considered an ideal one-dimensional (1-D) stagnation plane governed
by diffusive transport. Plots of the surface velocity gradient as a function
of inner tube radius are shown in the inset to Figure 2 for (1) an ideal 1-D
case; (2) the best-case CFD prediction used to determine the reactor
geometry; and (3) a worst-case scenario. It is important to note that the

Figure 2. Schematic of the stagnation flow reaction (SFR). Transport gradients are independent of inner tube radius out to 1.0 cm.
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SFR operates in a flow regime where velocity and thermal gradients are
independent of tube radius, such that materials sitting on the zirconia
disk experience a uniform gas composition.

Gases exiting the flow reactor were sampled using a differentially
pumped, modulated effusive beam mass spectrometer (Extrell C50, 500
amu). Upon expansion into the second of three pumping stages, the
molecular beam is chopped by a resonant modulator driven at 200 Hz
and ionized by electron impact at 30 eV.Modulated ion current from the
electron multiplier is routed through a lock-in amplifier to discriminate
against DC background. This increases detector sensitivity and digitally
filters ion current resulting from gases that persist in the ionization
volume (a significant issue when using water vapor and producing H2),
thus enabling real-time baseline correction and a higher degree of
precision for quantifying component partial pressures. A mixture of
5 vol % CO and 5 vol % H2 in He was used to calibrate the detector.

Mass flow controllers were used to meter all gas feed rates. The
reactor exhaust was throttled, allowing for feedback control of the
reactor pressure to any desired set point within the range 1�760 Torr.
Unless otherwise indicated, chemical reduction and WS reactions were
conducted at a temperature of 600 �C and a total flow rate of 500 sccm,
using mixtures of H2, CO, CO2, H2O, and He at a total pressure of 75
Torr. Water was delivered through an evaporator fed by a microsyringe
pump. Liquid nitrogen traps were used to condense H2O prior to
sampling the reactor effluent with the mass spectrometer. Between
50�200 mg of crushed and sieved ALD-coated m-ZrO2 support were
placed in the reactor. Chemical reduction was accomplished by exposing
the sample to a gas mixture of 1 vol % H2, 1 vol % CO, and 2 vol % CO2

diluted in He for a total of 600 s. The CO2 signal at m/z = 44 was
monitored to determine a point at which full reduction was achieved.WS
was performed using 5�6 vol % steam in He over a 600 s total
reaction time.

’RESULTS AND DISCUSSION

ALD Materials. ALD films with three representative stoichio-
metries (x = 0, 0.67, and 1 in CoxFe3�xO4) were prepared by

adjusting the number and sequence of iron oxide and cobalt
oxide deposition cycles as described previously (e.g., 1 cobalt
oxide cycle for every 2 iron oxide cycles in CoFe2O4). Mass
loading was controlled by limiting the total number of ALD
cycles. For example, 24 cycles produces a loading of 20 wt %,
while 50 cycles yields 37 wt %. The exact film composition was
determined using ICP-AES and agreed well with the targeted
stoichiometries based on Fe and Co cycle combinations, indicat-
ing that both iron oxide and cobalt oxide growth rates are similar
and that ALD reactions had gone to completion.
Electron microscopy and surface area measurements demon-

strate the stability of the support microstructure at ALD condi-
tions used here. FESEM images of Co0.85Fe2.15O4 deposited on
50 m2 g�1 supports are presented in Figures 3a and 3b. The bulk
support was ground and sieved prior to ALD and, at �40
magnification, appears to have an average particle size of order
200 μm. The high surface area of these ceramic supports is the
result of sintering zirconia nanoparticles with primary diameters
of nominally 50 nm, as seen at higher magnification (�20000) in
Figure 3b. Measurements of the specific surface area of the
supports using BETmethods confirm that significant sintering or
grain growth does not occur during ALD. After Co0.85Fe2.15O4

deposition (37 wt % loading), the surface area of the support
decreased from 51 to 28 m2 g�1. This decrease agrees well with
the increase inmass because of the addition of the ferrite film, and
also confirms that deposition does not result in pore clogging.
EDS mapping of Zr and Fe (Figure 3c and 3d) show that iron is
uniformly distributed throughout the support.
TEM analysis reveals the crystalline nature of the m-ZrO2

nanoparticles in the support, as well as the deposited Co0.85-
Fe2.15O4 film. TEM and HRTEM images of the uncoated
m-ZrO2 support are shown in Figures 4a and 4b. The lattice fringes
are clearly observed in Figure 4b, and the accompanying electron
diffraction pattern (inset Figure 4a) confirms that the nanoparticles
making up the support are m-ZrO2. TEM images in Figures 4c and

Figure 3. (a) FESEM image of bulk m-ZrO2 supports at low magnification, (b) FESEM image of m-ZrO2 nanoparticles within the bulk support, (c)
EDS Zr map after Co0.85Fe2.15O4 deposition, and (d) EDS Fe map after Co0.85Fe2.15O4 deposition.
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4d show that a thin film surrounds the m-ZrO2 nanoparticles after
deposition. This is evidenced by a 2 nm thick layer which has a
different crystallographic orientation than the underlying support.
This interface is not observed for the uncoated zirconia. Electron
energy loss spectroscopy (EELS) also shows cobalt and iron oxides
present on the surface of the support particles.
The chemical structure and homogeneity of the films were

established by Raman spectroscopy. The strongest Raman modes
observed for ALD iron oxide films occur at 325, 370, 465, 495, 625,
650, and 710 cm�1, as shown in Figure 5a. These modes are
indicative of maghemite (γ-Fe2O3) and agree well with previous
literature reports.37,38 This is also indirect confirmation for the

presence of a nanoscale thin film as maghemite is the more
thermodynamically favored phase of Fe3þ for small particle sizes
(less than 16 nm) because it possesses a lower surface energy than
hematite.37,39,40

The Raman spectra also provide indirect evidence for con-
formal coverage of the ALD films on the support because no
modes indicative of m-ZrO2 are evident. Substitution of cobalt
for iron in the ALD film leads to a decrease in the Raman modes
associated with maghemite and an increase in the intensity
of magnetite (Fe3O4) modes at 290, 460, and 680 cm�1

(Figure 5b).37,41 In addition, the peak at 680 cm�1 is asymmetric,
which is expected for pure Fe3O4 and is attributable to the
presence of Co substituted for Fe. As the cobalt stoichiometry in
the film increases from 0.5 to 0.85, a new peak at 660 cm�1

appears. This observation is consistent with an inverse spinel
structure, in which Co substitutes for Fe in octahedral sites.23,41

Chemical Reduction and HT-XRD. Iron oxide and cobalt
ferrite samples were chemically reduced in either a 1:1 mixture of
H2:CO2 diluted in He or a 1:1:2 mixture of H2:CO:CO2 diluted
in He. By including CO2 in the reducing gas, the formation of
metallic iron (Fe0) can be suppressed when starting from Fe2O3

(Fe3þ), such that the formation of FeO (Fe2þ) is thermodyna-
mically favored. This is discussed in detail by Bohn et al.,2 whose
results we confirmed with thermodynamic equilibrium calcula-
tions performed using the software package FactSage.42 Bohn
et al. report better redox cycle repeatability when partially
reducing Fe2O3 particles to FeO, which they attributed to
suppression of grain growth and sintering. Therefore, we chose
to chemically reduce our materials to minimize cycle-to-cycle

Figure 4. (a) HRTEM image of m-ZrO2 support and corresponding diffraction pattern, (b) HRTEM image of m-ZrO2 nanoparticle within support, (c)
HRTEM image after Co0.85Fe2.15O4 deposition, and (d) HRTEM image showing crystalline Co0.85Fe2.15O4 film on m-ZrO2.

Figure 5. Raman spectra of (a) γ-Fe2O3 deposited on m-ZrO2, (b)
Co0.5Fe2.5O4 deposited on m-ZrO2, and (c) Co0.85Fe2.15O4 deposited
on m-ZrO2.
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variability in H2 production rates, as well as to enable us to probe
WS chemistry on FeO surfaces.
The formation of various metal oxide phases as a function of

reaction time and reducing-gas atmosphere wasmeasured in situ by
X-ray diffraction. During chemical reduction of ALD γ-Fe2O3 thin
films the FeO phase persists for up to 148 min, which is in
agreement with both our thermodynamic calculations and reports
by Bohn et al. As shown in Figure 6a, after exposure to the reducing
atmosphere there is an immediate appearance of FeO (42� 2θ),
and the trace intensity for maghemtite (35� 2θ) decreases. By the
end of the experiment, no changes in either γ-Fe2O3 or FeO trace
intensity are observed, indicating that the reaction is complete. The
reduction to FeO likely proceeds through an intermediate Fe3O4

oxide phase; however, evidence for this transition is difficult to
verify at the instrument resolution used in this particular experi-
ment because of overlap in the Fe3O4 and γ-Fe2O3 XRD patterns
and interference from m-ZrO2.
Although the chemical reduction of Fe2O3 and Fe3O4 to FeO

has been reported previously, the chemical reduction of iron to
Fe2þ in cobalt ferrites has not been investigated. Consequently,
we modeled the reaction using thermodynamic equilibrium
calculations, assuming conditions conducive to the formation
of FeO from Fe2O3. These calculations predict the formation of
metallic Co and Fe, and no conditions could be found for which a
thermodynamically stable phase of Fe2þ exists in the presence of
the H2/CO/CO2 reduction mixture. In agreement with these
results, we find experimentally that Fe2þ does not form when
ALD-Co0.85Fe2.15O4 is reduced. Instead, in the presence of the
reducing gas mixture, there is a rapid transition to a Co/Fe alloy
(44.5� 2θ) as seen in Figure 6b. Binary Co�Fe phase diagrams
predict that this alloy, rather than separate Co and Fe phases, is
the thermodynamically stable phase under these conditions.43,44

While the intensity of the alloy peak slowly increases during the
reaction, the conversion is nearly complete almost immediately
after reducing gases are delivered. As will be discussed in the next
section, deeper reduction of the cobalt ferrite films leads to a
higher yield of H2 by WS relative to ALD γ-Fe2O3 because the
Co/Fe alloy is redox active and can be cycled.
Water Splitting in the Stagnation Flow Reactor. The

temporal WS behavior of the two ALD materials (Figure 7)
illustrates the potential for rapid, high yield, and reproducible redox
or chemical looping using this material platform. Hydrogen
production rates measured on chemically reduced ALD γ-Fe2O3

(20.2 wt %) and ALD-Co0.85Fe2.15O4 (19.0 wt %) at 600 �C are
presented in Figures 7a and 7b. Time-dependent H2 evolution is

characterized by an initial rapid rise to a peak rate, followed by an
exponential decay. This suggests that the rate-limiting step is a
chemical reaction, not diffusion, because a t�0.5 behavior is
expected from a core�shell model of a diffusion-limited reaction.45

Upon cycling, the peak H2 production rate observed for ALD
γ-Fe2O3 decreases from 36.9 to 31.1 μmol s�1 g�1 over the
course of five redox cycles. The drop in peak H2 production rate
is accompanied by a ∼55% decrease in the total amount of H2

produced (see Table 1) and a similar decrease in the time
required to achieve 95% conversion, suggesting a loss of acces-
sible iron in thismaterial. This is consistent with BET surface area
measurements, which indicate a 30% decrease from 39 to 27 m2

g�1. These changes occur relatively quickly, however (within
4 cycles), after which total production is stable.
The ALD-Co0.85Fe2.15O4 (19 wt %) film is more robust with

respect to cycling than ALD γ-Fe2O3. As seen in Figure 7b and
Table 1, the peak H2 production rates are virtually unchanged
from cycle 1 to cycle 5, and the total H2 production decreases by
only 6%. This is in spite of the fact that the BET surface area
decreases somewhat (from 41 to 31.5 m2 g�1) over the five
cycles, which is comparable to the decrease observed for the ALD
γ-Fe2O3 films. An additional noteworthy point is that, even
though ALD-Co0.85Fe2.15O4 is reduced to metallic Co/Fe prior
toWS, as evidenced by the in situ XRD experiments (Figure 6), it
does not lose activity as does Fe2O3 when reduced to Fe
metal.2,15 The change in surface area probably results from a
small amount of sintering that occurs in the porous ZrO2 at this
temperature, indicating this support is near its high-temperature
limit. However, it also indicates that loss of surface area is not the
cause of the decrease in H2 production capacity exhibited by
ALD γ-Fe2O3. The reason for the superior performance of the
ALD-Co0.85Fe2.15O4 is thus unclear, although it appears that cobalt
has the effect of limiting the migration of iron, thereby hindering its
ability to diffuse and sinter. The in situ XRD data give no indication
that either Fe or Co is dissolving in the support, so it appears that
Co influences surface processes. It is also apparent that, unlike ALD
γ-Fe2O3, theH2 production rate does not return to zero during the
course of the experiment as the rate plateaus at 400 s. This may be
due to very slow oxidation of Co or surface-catalyzed decomposi-
tion of H2O that continuously produces small amounts of H2.
The total H2 yield for ALD-Co0.85Fe2.15O4 (19 wt %) is greater

than ALD γ-Fe2O3 for the 7 redox cycles examined (Table 1).
The initial ALD-Co0.85Fe2.15O4 H2 yield is approximately 4200
μmol g�1, whereas the initial yield for ALD γ-Fe2O3 is 1800
μmol g�1. The total H2 produced by the ALD cobalt ferrite also

Figure 6. In situ XRD spectra of samples reduced in 1 vol %H2/1 vol %CO2 inHe (500 sccm total) at 600 �C. (a) Fe2O3 onm-ZrO2 (ALD/20.2%mass
loading). (b) Co0.85Fe2.15O4 on m-ZrO2 (ALD/19% mass loading). Chemical reduction occurred at 600 �C for 148 min.
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remains stable for all cycles, whereas that of the ALD γ-Fe2O3

cycled at 600 �C stabilizes at approximately 800 μmol g�1 by the
fifth cycle, representing a 55% drop from the initial H2 yield.
Differences in the total amounts of hydrogen produced between
ALD cobalt ferrite and iron oxide are primarily due to a greater
reduction extent of the cobalt ferrite, which is transformed to a
metal alloy (Figure 6b). It is particularly interesting that the spinel
structure is able to reform upon oxidation of the ALD-Co0.85-
Fe2.15O4 films. Mohan et al. proposed that CoFe2O4 can be
synthesized by oxidation of CoFe2,

46 and our observations
support this hypothesis.

’DISCUSSION AND CONCLUSIONS

Nanoscale (2�5 nm), conformal films of maghemite (γ-
Fe2O3) and spinel cobalt oxides (CoxFe3�xO4) deposited by
ALD on porous m-ZrO2 supports exhibit the ability to be cycled
rapidly and repeatedly in chemical looping cycles for the
production of H2. This cycle is composed of a chemical reduction
step using 1:1:2 H2:CO:CO2 followed by regeneration of the
original oxide using steam. Inclusion of CO2 as an oxidant in the
reduction gas mixture is essential to eliminate the deactivation of
ALD γ-Fe2O3 resulting from formation of metallic Fe. In situ
XRD indicates that ALD γ-Fe2O3 is reduced to Fe2þ (FeO),
while ALD-Co0.85Fe2.15O4 is reduced completely to form a Co/
Fe alloy. We find that ALD�Co0.85Fe2.15O4 samples undergo
little to no deactivation during cycling, in contrast to ALD γ-
Fe2O3 films, which experience a substantial reduction of H2 yield
(>50% of the total H2 production) and peak rate (>20%),
respectively.

Of the two materials evaluated here, the cobalt ferrites are
superior for several reasons. First, they can be fully reduced to

metallic Co and Fe, resulting in much greater H2 yields (about a
factor of 4). Second, these materials are unaffected by up to seven
redox cycles, which is encouraging with respect to long-term use.
Finally, their H2 production rates are substantially faster than
those of powders (see discussion below), as a result of surfaces
that are fully exposed to the gas, rather than a dense microcrystal-
line structure that is rate-limited by oxygen diffusion along grain
boundaries or through the bulk.

Because of the stability and high surface area of the ALD
materials, their peak H2 reaction rates are considerably higher
thanmost chemically and thermally reducedmaterials with lower
surface areas. A comparison of peak H2 rates reported here with
those for iron oxide and cobalt oxide based materials reported in

Figure 7. H2 production rates as a function of time for five cycles of samples reduced in 1 vol %CO/1 vol %H2/2 vol %CO2 inHe (500 sccm total). (a)
Fe2O3 (ALD/20.2% mass loading); (b) Co0.85Fe2.15O4 (ALD/19% mass loading).

Table 1. Peak H2 Rates and Corresponding Total H2 Yields for ALD-Coated m-ZrO2 after Reduction in 1 vol % CO/1 vol %H2/2
vol % CO2 in He (500 sccm total)

total H2 produced (μmol g
�1) peak H2 production rate (μmol s-1 g�1)

cycle number Co0.85Fe2.15O4 ALD Fe2O3 ALD Co0.85Fe2.15O4 ALD Fe2O3 ALD

1 4154.5 1760.4 38.9 36.9

2 4131.2 1686.5 40.1 35.1

3 3976.7 1191.5 40.0 34.8

4 3877.0 895.7 39.4 30.9

5 3893.8 796.4 39.3 37.0

6 3652.2 815.8 36.5 31.1

7 3927.6 835.5 39.3 29.3

Figure 8. Peak H2 rates as a function of temperature of ALD materials
compared to others documented in the literature.
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the literature is shown in Figure 8. Compared with thermally
reduced iron oxide samples, the ALD γ-Fe2O3 rates are 38�100
times higher.4,5,20,47 Data for thermally reduced cobalt ferrites are
more sparse, but the results presented byKodama et al. for thermally
reduced (at 1400 �C) ZrO2-supported cobalt ferrite are 28 times
slower than the corresponding ALD rates,5 even though the data
were obtained at 1000 �C where faster kinetics are expected. This
highlights the deleterious effect of high temperature sintering and
grain growth, which shifts the rate-limiting step from surface kinetics
to diffusion, either through the Fe3O4 product layer or along grain
boundaries, both of which are much slower.48,49

Bleeker et al. also measured WS rates at 800 and 920 �C using a
catalytic iron oxide having a surface area comparable to our ALD
samples (31.2 m2 g�1).50 However, to prevent deactivation from
sintering during cycling, the material was sintered prior to WS,
leaving a surface area of only 0.05�0.1 m2 g�1. As a result, the peak
H2 rates are 34 and 42 times lower at 800 and 920 �C, respectively,
than ALD γ-Fe2O3. Similarly, Galvita et al. used 30 wt % Fe2O3

supported on Ce0.5Zr0.5O2 with a surface area of 9.1 m2 g�1,51

obtaining peak rates at 800 �C approximately 10.5 μmol s�1 g�1

for Fe2O3, or about 3.5 times lower than ALD γ-Fe2O3. However,
when the temperature was decreased to 700 �C, their reaction rates
decreased drastically to 3.5 and 1.25 μmol s�1 g�1, suggesting a
different rate-limiting process than in the ALD films. The peak rates
of Bohn et al. at 750 �C are approximately two times greater than
those presented here at 600 �C, even though their specific surface
areas are much less than the ALDmaterials.2 Fe2O3 particles <5 μm
were used, but presintered to a particle size of 425�600 μm to
prevent further sintering during cycling. Even so, after 5 cycles, their
rates decrease by about 50%. Additionally, it should be noted that
their rates were about 25 times less, on a per mass basis, when the
mass of their packed bed was increased from 1 g to 20 g.

Together, these results suggest a path forward to durablematerials
that could be used in a variety of thermal redox and chemical looping
cycles. Moreover, they show that ALD thin films are an attractive
platform for probing fundamental reaction chemistry without the
limitations imposed by transport through the bulk or along grain
boundaries. The current support material used here (m-ZrO2) is
limited to temperaturese600 �C, but deposition onmore thermally
stable substrates could extend this stability range. We note that even
though these films are very thin, the high surface area of the supports
allows high oxide loadings (we achieved up to 37wt%), showing that
practical H2 production rates are feasible with these materials. ALD
processes for depositing a wide variety of materials are now
available,27,30,33,52 indicating this platformhas considerable versatility.
Finally, although ourmeasurements ofWS reaction kinetics on these
materials are limited, they demonstrate that sintering can be largely
eliminated, allowing the redox chemistry itself to be probed over
multiple reaction cycles.
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