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Retraction

CHEMISTRY
Retraction for “Solar photothermochemical alkane reverse
combustion,” by Wilaiwan Chanmanee, Mohammad Fakrul Islam,
Brian H. Dennis, and Frederick M. MacDonnell, which was first
published February 22, 2016; 10.1073/pnas.1516945113 (Proc Natl
Acad Sci USA 113:2579–2584).
The authors wish to note the following: “We have now dem-

onstrated that our results in the above work are largely due to
artifacts and that the underlying thesis of this work has not been
shown. In this paper, we reported that CO2 and steam, passed
over a cobalt on P25 TiO2 catalyst at 200 °C and 1–6 atm total
pressure, was forming higher carbon number hydrocarbons (up
to C13) when irradiated with UV light. We postulated that CO2
was reduced to CO and water oxidized to give H2 or cobalt
surface-bound hydrides via TiO2-mediated photochemical reac-
tions and then these intermediates were consumed in thermally
driven Fischer–Tropsch-like processes to yield higher carbon
number hydrocarbons.
“It is now apparent that the majority of the carbon in the

products is from carbon impurities, presumably graphite, pre-
sent in the TiO2. In order to verify that the CO2 was the carbon
source, we conducted a labeling experiment using 30% iso-
topically enriched 13CO2 and saw a shift in the parent ion peak
distribution to higher m/z (see Figs. S7 and S8 in the original
paper); however, following publication, Professor Geoffrey
Ozin of the University of Toronto communicated to us the need
to verify such results using 100% isotopically enriched 13CO2
(1). While initially skeptical, when we performed an experiment
(200 °C, 2.7 atm, 99% enriched 13CO2,

13CO2/H2O ratio 0.6)
the GC-MS data of the liquid products showed very little in-
corporation of the label (less than 5%) into the products.
Subsequent runs in which the CO2 feedstock was replaced with

helium gas (200 °C, 2.7 atm, He/H2O ratio 0.6) also showed the
presence of similar amounts of higher hydrocarbon products in
the liquid phase, although the product distribution and isomers
were different.
“Our work in the paper was done using Degussa P25 titanium

dioxide (control number 2047) which is now manufactured and
marketed by Evonik Industries. Having run out of the Degussa
P25 before discovering our error, all our subsequent data have been
obtained on the Evonik Aeroxide TiO2 P25. Carbon elemental
analysis reveals 0.012% carbon (Galbraith Labs) while calcination
in air at 400 °C for 6 h does nothing to improve this as the carbon
content in this sample was 0.015% (small increase due to lost
moisture/adsorbates) and we start to see conversion of the anatase
phase into rutile, so further heating was not done. As our produc-
tivities were in the 61 to 175 μg product per g TiO2 per hour, mass
balance is possible due to adventitious carbon. (However, our
Degussa P25 must have had a greater carbon content than our
Evonik P25.)
“The responsibility here lies with the lead author (W.C.) and

especially with the lead scientist (F.M.M.) for not conducting a
sufficiently rigorous analysis of the carbon origin. The 30%
isotopically enriched MS data along with the higher hydrocarbon
products fit the working hypothesis and we, regrettably, stopped
there. The other authors (B.H.D. and M.F.I.) were not involved
in this aspect of the work and are in no way responsible for this
situation. We are deeply disappointed by this turn of events and
wish to apologize to the scientific community for any adverse
consequences that may have resulted from following our work.
We wish to thank Professor Ozin for his gracious correspon-
dence and keen intuition regarding our results, which has at least
allowed us the opportunity to correct the literature ourselves.
Accordingly, we hereby retract the article.”

1. Hoch LB, et al. (2014) The rational design of a single-component photocatalyst
for gas-phase CO2 reduction using both UV and visible light. Adv Sci (Weinh) 1:1400013.
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Solar photothermochemical alkane reverse combustion
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A one-step, gas-phase photothermocatalytic process for the synthesis
of hydrocarbons, including liquid alkanes, aromatics, and oxygenates,
with carbon numbers (Cn) up to C13, from CO2 and water is demon-
strated in a flow photoreactor operating at elevated temperatures
(180–200 °C) and pressures (1–6 bar) using a 5% cobalt on TiO2 cata-
lyst and under UV irradiation. A parametric study of temperature,
pressure, and partial pressure ratio revealed that temperatures in
excess of 160 °C are needed to obtain the higher Cn products in
quantity and that the product distribution shifts toward higher Cn
products with increasing pressure. In the best run so far, over 13%
by mass of the products were C5+ hydrocarbons and some of these,
i.e., octane, are drop-in replacements for existing liquid hydrocarbons
fuels. Dioxygen was detected in yields ranging between 64% and
150%. In principle, this tandem photochemical–thermochemical pro-
cess, fittedwith a photocatalyst better matched to the solar spectrum,
could provide a cheap and direct method to produce liquid hydrocar-
bons from CO2 and water via a solar process which uses concentrated
sunlight for both photochemical excitation to generate high-energy
intermediates and heat to drive important thermochemical carbon-
chain-forming reactions.

solar fuel | CO2 reduction | water splitting | photochemistry |
Fischer–Tropsch

Oil is essential for sustaining the current global population and
economy because it is the primary source of transportation

fuels. Diesel, jet, and gasoline hydrocarbon fuels are unrivaled in
terms of energy density and ease of use and storage; however, as
fossil fuels their combustion leads to a significant anthropogenic
contribution of CO2 to the atmosphere, estimated at 40 × 109 metric
tons of CO2 in 2012 alone (1, 2). The eventual replacement of oil
with fuels generated from sustainable and carbon-neutral sources is
necessary if we are to avoid harmful climate change due to the
buildup of greenhouse gases in the atmosphere (3). Advances in
solar-based technologies are the most promising (4); however, these
technologies generally produce either electricity or hydrogen, neither
of which is an ideal replacement for liquid hydrocarbons. The least
disruptive technology would replace oil-derived hydrocarbons with
liquid hydrocarbon fuels derived from CO2, water, and a clean energy
source, such as the sun, leading to a carbon-neutral fuel cycle (5–7).
Currently, there are a number of promising strategies to harness

solar energy to generate high-energy molecules (fuels) from water
and/or carbon dioxide, including (i) high-temperature thermochem-
ical cycles (8), (ii) coupling photovoltaics to water electrolysis (PV-
EC) (9, 10), (iii) developing single or tandem photoelectrochemical
cells (PEC) (11–13), or (iv) direct photochemical methods (PC) using
semiconductor materials, often modified by added cocatalysts or
nanostructuring techniques (12, 14, 15). Hydrogen, carbon monoxide,
C1 hydrocarbons, and syngas are the most commonly produced fuels
and are derived from water or water and CO2 (6, 16, 17). Hydrogen
produced via the water-splitting reaction (WSR, reaction 1) is argu-
ably the easiest to produce and stores the most energy on a mass basis
(kJ/kg); however, it is not a particularly attractive replacement fuel
for transportation, due to technological issues with low-volume
energy density, safe storage, and transportation (18). Moreover,
switching to a hydrogen-based transportation fuel would also re-
quire a considerable investment in upgrading the existing auto-
motive fleet and fuel distribution infrastructure.

One commonly proposed solution to this dilemma is to use
the H2 generated via the WSR, reaction 1, in combination with
CO2 to synthesize liquid hydrocarbon fuels, using the reverse
water–gas shift (RWGS), reaction 2, and Fischer–Tropsch syn-
thesis (FTS), reaction 3. The combination of reactions 1–3 is the
reverse of

H2O→H2 + 1=2O2 ΔG°= 237.3kJ=mol ðWSRÞ, [1]

CO2 +H2 ⇌CO+H2O ΔG°= 25.2kJ=mol ðRWGSÞ, [2]

ð2n+ 1ÞH2 + n CO→CnHð2n+2Þ + n H2O ΔG°∼ ‐99 n  kJ=mol
ðFTSÞ, [3]

ðn+ 1ÞH2O+ n  CO2 →CnH2n+2 + ð3=2n+ 1=2ÞO2
ΔG°∼ 665 n  kJ=mol ðARCÞ [4]

combustion and, as generally proposed, would be carried out as
separate unit operations, each with its attendant efficiency losses
and capital and operating costs (19, 20). We report here a photo-
thermochemical process for driving the alkane reverse combustion
(ARC) reaction (reaction 4) to produce C1 to C13 hydrocarbons in
a single operation unit. If the process was driven by the sun to
provide both photons and heat, a solar photothermochemical al-
kane reverse combustion (SPARC) process could be achieved in
one step. If the SPARC reaction could be optimized to predomi-
nantly produce liquid hydrocarbons, and these products were de-
rived from atmospheric CO2, a sustainable and carbon-neutral
liquid fuel cycle could be realized.
The direct production of C1 hydrocarbons such as methane,

methanol, formic acid, and CO from CO2 and water in a photo-
electrochemical reactor was realized as early as the mid 1970s when
Halmann (21) and then Inoue et al. (22) showed that irradiation
of TiO2-coated electrode suspended in CO2-saturated aqueous
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solutions yielded a number of C1 products. Since this time, re-
search has largely focused on the exploration and development of
new semiconductor photocatalysts (23), modifications of the semi-
conductor catalyst in the form of added cocatalysts, e.g., Ni, Cu, Ag,
and Pt (23–25), new methods to nanostructure the catalyst (26), and
the coupling of molecular dyes and cocatalysts with the heteroge-
neous catalyst (27, 28). Whereas these advances have led to im-
provements in catalytic efficiency and quantum yields, little progress
has been realized in extending the selectivity of the reaction to favor
the more desirable, higher carbon number liquid hydrocarbons (29).
Although reports of trace amounts of products, such as ethane,
ethanol, acetic acid, propanol, and butanol, are not unknown
(30–34), they are the exception and frequently the underlying
cause for their generation is unknown. Of these reports, the work
of Roy et al. (35) and Varghese et al. (36) stands out. They reported
that high-temperature-annealed TiO2 nanotubes modified with Pt,
Pd, or Cu not only gave methane, but also traces of ethane, pro-
pane, butane, pentane, and hexane as well as olefins and branched
paraffins, although the details regarding product quantification and
characterization were omitted. Whereas this work yielded the
highest Cn products yet reported, the results contributed little to-
ward a mechanistic understanding as to how to deliberately target
these products.
Thus, despite over 40 y of research on the photochemical CO2

reduction with semiconductors, no clear method for directly pro-
ducing C5+ liquid hydrocarbon products exists. Herein, we demon-
strate that operation of the photochemical ARC reaction at elevated
temperatures in the presence of a hybrid FTS-like photocatalyst
(cobalt on TiO2 support) directly yields C2+ hydrocarbons as the
dominant products, including a significant portion of C5+ liquid hy-
drocarbons. The key insights are that: (i) even though the FTS re-
action is exothermic, a minimum temperature of ∼180 °C is required
to obtain reasonable kinetics for the carbon-chain-forming process
(37, 38) and (ii) the majority of metals (i.e., Ni, Pd, Pt, Cu) used for
CO2 photocatalytic hydrogenation are poor FTS catalysts as they
favor C1 products (39). Fe, Co, and Ru are commonly used as FTS
catalysts because they exhibit high Cn selectivity (39), but they have
not been commonly explored in the context of CO2 photoreduction/
hydrogenation. By operating the SPARC reaction at elevated tem-
perature and pressure over a hybrid FTS photocatalyst, the products

of the photocatalytic reaction can be consumed in thermal reactions
which favor higher Cn products.

Results and Discussion
To examine the SPARC reaction as a function of temperature
and pressure, we constructed a fixed-bed, tubular flow reactor in
which the catalyst bed could be both heated and irradiated, as
shown schematically in Fig. 1. During the reaction, CO2 and
steam were flowed at 40 standard cubic centimeters per minute
(sccm) over the 5% cobalt on a TiO2 catalyst bed, which was
heated via an internal electric heater and irradiated with four
surrounding 250-W Hg lamps. The products were collected by
passing the hot effluent gas through a condenser unit at 0 °C to
capture condensable products, through a back-pressure regulator
to drop the pressure to 1.0 bar, and then through a sampling loop
of an automated online gas chromatograph for real-time gas
analysis (full details in the SI Appendix).
As shown in Fig. 2, the condensable (liquid) productivity in-

creases upon increasing the temperature from 110 to 200 °C (1 bar,
PH2O/PCO2 = 1.2, UV irradiation) and the product distribution
shifts to C2 (CH3CH2OH and CH3COOH) and C3 (propanol)
products. Temperatures higher than 200 °C were not explored due
to reactor limitations. Below 150 °C, methanol is the exclusive
condensable product, whereas at 150 °C or above, C2 and C3
products become more prevalent and the methanol diminishes.
Upon going from 180 to 200 °C, there was doubling of the mass
productivity but a drop in propanol production and a large increase
in acetic acid formation. Upon lowering the PH2O/PCO2 to 0.6
(1 bar, 200 °C, UV irradiation) the amount of propanol increased
14-fold and pentanol (C5H12O) was also detected. The appearance
of the heavier alcohols at or above 150 °C is consistent with an
FTS-like mechanism becoming active as the thermal energy ap-
proaches the activation energy needed for chain formation (37, 38,
40). In a related study of the effect of temperature on the photo-
chemical reduction of CO2 to methane over TiO2, Saladin et al.
showed that the rate of methane formation increases upon going
from 20 to 200 °C, indicating the rate-determining step is a ther-
mal process (41, 42). Significantly, no higher Cn products were
reported, which we suspect is because they lacked a proper FTS
cocatalyst, such as cobalt. In our current system, the kinetics of the
carbon-chain-forming reactions seem to be rate-determining at
∼200 °C. Higher temperatures may yield further improvement but
it should be noted that the selectivity of cobalt-based FTS catalysts
for higher Cn products peaks in the 200–220 °C region (43).
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Fig. 1. Schematic diagram of photothermal flow reactor with cartoon pic-
ture of a single Co/TiO2 particle undergoing catalysis and TEM picture of
cobalt on P25 TiO2 catalyst.
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Fig. 2. Mass productivity and Cn selectivity as a function of photothermal
reactor temperature at 1 bar and PH2O/PCO2 =1.2, and 40 sccm.
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Temperatures higher than this quickly lead to losses in the de-
sired selectivity and corresponding increases in methanation.
Further experiments were run at 200 °C at three total pres-

sures (1.0, 2.7, and 6.1 bar) and two partial pressure ratios: PH2O/
PCO2 = 0.6 and 1.2. These data are collected in Table 1, which
reports the mean productivity for each run, in units of
mass productivity (μgprod·g−1cat·h−1) and molar productivity
(μmole·g

−1
cat·h

−1, where μmole = μmol electrons stored in the
product). The products are divided into O2, H2, C1, C2–C4, and
C5+, with certain higher Cn products explicitly listed. For data in
which SDs are reported, the values are the mean of three in-
dependents runs, whereas those without are single-run data. The
full product distribution and productivity data are given in SI
Appendix, Tables S4 and S5. Fig. 3 is a bar graph comparing the
mass productivity and selectivity as a function of pressure and
feedstock ratio. The most compelling data are the observation
that the C2+ hydrocarbons and oxygenates are not minor prod-
ucts but instead constitute 74% by mass of the products under
one of the best set of conditions screened (6.1 bar, PH2O/PCO2 =
0.6). Converted to a molar basis (moles of reducing electrons
stored in products), this amounts to 68% of all electrons stored
in products in C2+ hydrocarbons. Of this, 22% by mass and 14%
of the electrons are stored in liquid C5+ products. The H2 and C1

products account for 35% of product mass and 29% of all electrons
stored, but they are not the dominant products. In both feedstock
ratios, we clearly observe an increase in overall productivity with
increasing total pressure. However, only at the lower PH2O/PCO2 of
0.6 do we observe any C5+ selectivity which becomes more fa-
vorable with increasing pressure. Clearly, the feedstock ratio is an
important parameter that merits further investigation and optimi-
zation. These data reveal, to a first approximation, that the SPARC
reaction responds to temperature and pressure in a manner similar
to the FTS reaction and yields similar products. It is well-known
that the FTS reaction responds to increases in pressure with an
increase in productivity (gram product per gram catalyst per hour)
and a shift in product distribution (selectivity) toward heavier hy-
drocarbons (40), and that the optimized industrial conditions are
generally given around 20 atm, 220 °C, with a 2:1 ratio of H2 and
CO for a cobalt-based catalyst (44, 45). Because of this, we believe
it is reasonable to assume some shared underlying chemical mecha-
nisms and assume that higher pressures will shift the selectivity in
SPARC chemistry to favor higher Cn products. Our current reactor
could not safely go beyond 6.1 bar; however, we are fabricating a
next-generation photoreactor able to withstand both higher
pressures and temperatures.

Table 1. Products and mass and molar electron productivity as a function of pressure and partial pressure ratio at a
constant temperature of 200 °C and flow rate of 40 sccm

Mass productivity, Pm, μg/gh Molar productivity, Pmol, μmole/gh

P(H2O)/P(CO2)
0.6 1.2 0.6 1.2

Pressure 1.0 2.7 6.1 1.0 2.7 6.1 1.0 2.7 6.1 1.0 2.7 6.1

Compound Pm Pm Pm Pm Pm Pm Pmol Pmol Pmol Pmol Pmol Pmol

O2 195 ± 149 308 ± 118 171 ± 140 194 138 307 24 ± 19 39 ± 15 21 ± 18 24 33 38
H2 8 ± 9 14 ± 4 6 ± 2 6 20 10 8 ± 9 14 ± 4 6 ± 2 6 18 10
C1 23 ± 12 44 ± 63 55 ± 72 8 4 28 2 ± 1 4 ± 4 4 ± 5 1 3 2
C2–4 26 ± 17 76 ± 40 91 ± 79 28 6 60 7 ± 5 15 ± 11 19 ± 17 10 13 13
C5+ 4 ± 5 7 ± 11 22 ± 13 0 0 0 1 ± 2 4 ± 5 5 ± 8 0 1 0
Total 61 ± 5 141 ± 27 175 ± 39 43 30 98 18 ± 3 36 ± 3 35 ± 6 17 35 26
O2 yield 136 108 62 140 94 150
Select prod
C5H12O 3.7 ± 5.2 1.6 ± 1.9 1.7 ± 2.1 0.0 0.0 0.0 1.3 ± 1.8 0.8 ± 0.7 0.6 ± 0.7 0.0 0.0 0.0
C7H12 0 0.4 ± 0.6 0.0 0.0 0.0 0.0 0.0 0.2 ± 0.3 0.0 0.0 0.0 0.0
C8H18 0 0.4 ± 0.6 0.0 0.0 0.0 0.0 0.0 0.2 ± 0.3 0.0 0.0 0.0 0.0
C8H16O5 0 0.0 2.2 ± 3.8 0.0 0.0 0.0 0.0 0.0 0.4 ± 0.8 0.0 0.0 0.0
C9H12 0 0.6 ± 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
C10H20O2 0 0.4 ± 0.8 0.5 ± 1.1 0.0 0.0 0.0 0.0 0.3 ± 0.4 0.7 ± 0.2 0.0 0.0 0.0
C13H12 0 0.9 ± 1.5 0.0 0.0 0.0 0.0 0.0 0.5 ± 0.7 0.0 0.0 0.0 0.0
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Fig. 3. Mass productivity and selectivity of SPARC reaction at different pressure and partial pressure ratios at 200 °C and 40 sccm.
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The percentage of oxygenates in our product distribution at
70–90% by mass is much higher than found in typical FTS
chemistry. This is, perhaps, not too surprising in that SPARC
reactants are considerably richer in oxygen content. As water is a
reactant in SPARC chemistry, PH2O is expected to have a strong
influence on the observed chemistry compared with the sec-
ondary effects which arise from water in FTS chemistry. At high
PH2O the SPARC reaction can presumably produce a great deal
of H2 or hydride equivalents, which should be advantageous, but
water is also better able to bind to the surface than CO2 due to
its polar nature and strong H-bonding properties; therefore, high
PH2O can saturate the surface, blocking effective CO2 adsorption
and reducing hydrocarbon production. Just recently, Rani et al.
showed that (Cu, Pt)–TiO2-based photoreduction of CO2 to CH4
and CO at ambient temperature was maximized at 50% humidity
and dropped at higher levels, presumably due to water-blocking
surface binding of the CO2 (46). FTS is technically run with zero
PH2O but because water is a product, some is always present.
At low PH2O, the SPARC reaction may be starved for hydride
equivalents, leading to incomplete reduction of the CO2. Sur-
prisingly, a number of FTS studies have shown that deliberate
addition of water to the feed can be beneficial in terms of shifting
the selectivity toward C5+ products (14–17), which indicates
that the presence of water, in itself, is not detrimental to the
hydrocarbon-chain-forming process. It is not yet clear how the
selectivity of the SPARC reaction can be tuned toward less-
oxygenated products, but the feedstock ratio is likely to be one
key factor. In any case, most of these oxygenates are high mo-
lecular weight molecules with a greater fuel value on a mass basis
than lighter alcohols or oxygenates.
Isotopic labeling experiments performed with 13CO2 and D2O

feedstocks show incorporation of both labels into all of the reduced
products (SI Appendix). The O2 yields, shown in Table 1, were
calculated by dividing all of the electrons released to form O2 from
H2O by all of the electrons stored in the identified products at the
expected stoichiometry for the SPARC reaction and range from
64% to 150%. The agreement is acceptable considering the large
SDs in these measurements, which reflect difficulties in obtaining
good peak integration due to large adjacent CO2 and N2 peaks in
the chromatogram (SI Appendix, Fig. S6).
As seen in Fig. 4, no O2 and only trace hydrocarbons are detected

before the catalyst bed is irradiated. Although difficult to see, there
is a small amount of H2, CH4, and C2H6, produced during the dark
period, constituting less than 10% of the CH4 and C2H6 observed
once the light is on. These basal products are attributed to thermal

reactions of H2O and CO2 with the freshly prepared and highly
reactive nanosized cobalt islands (catalyst preparation and charac-
terization are given in the SI Appendix), some of which are unstable
toward oxidation. When the catalyst is irradiated there is a sub-
stantial increase in HC, H2, and O2 productivity consistent with a
coupling of photochemical water oxidation with thermal CO2 and
proton reduction. Furthermore, the productivity is reasonably stable
over the run period; however, transmission electron microscopy
(TEM) analyses of the catalyst pre- and postrun reveal substantial
agglomeration of the cobalt islands over this period (SI Appendix,
Fig. S2). The initial cobalt islands averaging 4.5 ± 2.0 nm in di-
ameter approximately doubled in size to 9.7 ± 2.5 nm over the 5-h
run timeframe. Cobalt-based FTS catalysts undergo considerable
reorganization in the first 24 h of on-stream use (47, 48) and it
seems that a similar reorganization is occurring here. However,
given the early stage of SPARC chemistry and our current limit on
short time runs (5–8 h), there are not yet enough data to fully un-
derstand the catalyst behavior here. This will certainly be explored
as we examine the catalyst stability and evolution over longer
time periods.
Table 1 also lists the productivity data for select C5+ products,

whose structures are shown in Fig. 5. The structures were de-
termined by National Institute of Standards & Technology (NIST)
database matching of the mass spectrum fragmentation patterns
and were fit with confidence level greater than 99% for nearly all
compounds. C5H12O and C8H18 are two saturated hydrocarbons
typical of an FTS-like mechanism. The alkylbenzenes or oxygenates
thereof suggest formation of surface acetylides/acetylenes, which
can easily undergo cyclotrimerization to lead to the observed
products (49). This second C–C chain-forming pathway is reason-
able if we consider that the SPARC reaction conditions are con-
siderably less hydrogen-rich relative to normal FTS, which rarely
yields alkynes. Whereas this unexpected mechanism seems to be
responsible for the aromatic C6+ products, the presence of C8H18
as well as C7 and C5 alkanes and olefins supports an FTS process is
occurring concurrently.
The highest mass productivity obtained, 200 °C, 6.1 bar,

PH2O/PCO2 = 0.6, corresponded to 175 μg·g−1·h−1, not including O2,
or a molar electron productivity of 35 μmole·g

−1·h−1. For com-
parisons, this latter value is ∼20 μmol H2(equiv)g

−1·h−1 and is
within the typical range of the 0.2–100-μmol product·g−1·h−1 (50,
51), reported for CO2/H2O semiconductor photocatalysis, although
claims as high as 2,000 μmol ethanol g−1·h−1 exist (52). When ex-
amined with respect to the incident photon flux (λ ≤ 400 nm), an
incident photon quantum yield (IPQY) of 0.02–0.05% is obtained
on a per electron stored basis. These IPQYs are slightly higher
if reported relative to the O2 yield. Unfortunately, many studies
of CO2/H2O semiconductor photocatalysis either do not report
quantum yields or do not report them in a consistent manner.
Where data exist, typical IPQY values are anywhere from 0.001%
to 30%, although the higher values (>1%) were only seen with

Fig. 4. Productivity of O2 (blue circles) H2 (red squares), and hydrocarbons
(HC) (black diamonds) as a function of time at 200 °C, 6.1 bar, PH2O/PCO2 = 0.6
and 40 sccm.

C8H18

C9H12 C10H14 C13H12

C7H12

OH

C5H12O

OH

O

C10H12O2

Fig. 5. Structures of select C5+ products as determined from NIST mass
spectral database.
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nonoxide catalysts (i.e., ZnS, CdS, GaP) (24). We suggest that our
modest IPQY is more a reflection of the early stage of this work
rather than any practical limitation and note that a significant (2.5-
fold) jump in IPQY was observed upon increasing the pressure
from 1 to 2.7 bar; however, no further increase was seen at 6.1 atm.
As mentioned previously, the choice of a good metal for FTS

catalyst is crucial and Fe, Co, and Ru are among the best known
(39). Here, we chose cobalt due to its known FTS performance
and superior stability relative to iron (44), and to demonstrate
that the SPARC reaction could be achieved without the re-
quirement of rare or precious metal cocatalysts. In one of the few
studies of the CO2/H2O semiconductor photocatalysis at tem-
peratures in excess of 100 °C, only C1 products were found with
copper and platinum zincates and titanate photocatalysts (53).
However, when Fe was used in the same systems, ethanol in
addition to the C1 products was observed (54), suggesting the
SPARC reaction was in operation. It is curious that even higher
Cn products were not observed, but these photoreactions were
conducted at temperatures in excess of 300 °C, which may well be
too high for good operation. Oddly enough, cobalt-based cata-
lysts yield primarily methane during the hydrogenation of CO2
(55, 56). It was also shown that the increased water partial
pressure stabilized the catalyst and it may be that the even higher
PH2O is influencing the SPARC product distribution here.
In general, elevated temperatures are avoided in photochemical

reactions due to increased rates of charge recombination in the
photocatalyst. For example, the photoluminescence intensity of TiO2
drops by 50–60% upon raising the temperature from 20 to 200 °C
(57, 58). At present, we observe an increase in productivity with
temperature, showing a significant thermal component to the rate-
determining kinetic step in this photothermochemical reaction.
Nonetheless, the losses in charge carriers could be an important
consideration upon development of an improved SPARC catalyst,
where the thermal steps are no longer rate-determining.
At present, this gas-phase SPARC reaction is far from optimized

and simply shows proof of principle. Higher productivities and
better product distributions are likely to be realized as pressure,
temperature, reactant ratio, space velocity, and catalyst are opti-
mized. For example, the current photoreactor can only safely be
operated at pressures less than 6.1 bar, whereas higher pressures are
likely to dramatically affect product selectivity and productivity.
Similarly, Brunauer–Emmett–Teller (BET) surface area measure-
ments reveal that the Nafion polymer, used to bind the catalyst
powder to the glass beads, effectively covers up 50–60% of the
catalyst surface area (SI Appendix), revealing that we can likely do
better using alternative methods to immobilize the catalyst. The
current data also raise a number of important questions which must
be addressed if this technology is to be further developed. As both
H2 and CO are observed in the product stream, it is not clear if they
are responsible for hydrocarbon formation via the FTS upon
readsorption or if they represent a small fraction of surface escaped
species. The most commonly invoked mechanism for metal cocat-
alysts on photoactive TiO2 is that the metal islands act as electron
collectors upon which metal hydrides and CO2 adsorption/reduction
occurs, whereas the holes migrate to the TiO2 surface where they
oxidize water. In a gas-phase model, the protons must migrate over
the surface of the TiO2 to the cobalt islands, leading to questions

about the degree of surface hydration. It is notable that in the hy-
drogenation of CO or CO2 on cobalt metal, several common
surface-bound intermediates are invoked, even though the former
gives hydrocarbon chains and the latter gives methane (55, 56).
Although the current SPARC technology is currently im-

practical on a commercial scale, it does offer a conceptually new
and commercially promising solar fuels technology that would be
simple and inexpensive relative to most PV-EC and PEC sys-
tems. The direct production of the value-added hydrocarbons
liquid fuel minimizes the number of unit operations involved and
the associated efficiency losses and capital expenses of each. In a
field operation, it is easy to imagine the use of parabolic mirrors
to focus and concentrate sunlight onto a catalyst bed, providing
both the photons required for photoexcitation and the thermal
energy needed to run the reaction. Assuming such a system may
require active cooling, the excess thermal energy could be used
for downstream product separations or other applications in
which relatively low-grade heat can be applied. In this respect, an
SPARC process can realize greater efficiencies than process
requiring ambient or near-ambient temperatures in that the low-
energy photons are used to help heat the SPARC reaction and to
heat a working fluid to a more useful temperature (i.e., 200 °C).
Concentrated sunlight minimizes photocatalyst costs and reactor
volume, the former of which is often one of the more expensive
components of any such technology. Another significant eco-
nomic consideration of the process SPARC is that it is not ex-
pensive to compress CO2 and H2O and a liquid product is
produced. Solar biomass gasification and related processes which
produce CO and H2 will subsequently require expensive com-
pression to convert these gases to usable solar fuels. Finally, the
SPARC reaction, as realized here, is a true gas-phase operation
operating at conditions more typical of an industrial operation.
The elevated temperature, pressure, and gas-phase operation
also open previously unidentified possibilities about the types of
semiconductors catalysts that are needed and may be used.

Materials and Methods
The 5% cobalt on Degussa P25 TiO2 was prepared by wet impregnation of
the TiO2 with Co(NO3)2, calcining at 250 °C for 3 h. This precatalyst was
mixed in water/propanol with Nafion D521 polymer and coated onto sur-
face-roughened 2-mm Pyrex glass beads, which were then isolated and dried
for 4 h at 100 °C. The dried coated beads were loaded into the flow reactor
shown in Fig. 1 and the catalyst activated by reduction with flowing H2 at
350 °C for 12 h. The catalyst was characterized right after reduction and
postrun by BET surface area measurements, TEM, and X-ray photoelectron
spectroscopy. Products captured in the condenser were analyzed at the end
of the reaction by extraction into dichloromethane and analyzed by GC-MS.
Gaseous products were analyzed every 30 min using an online GC. Full ex-
perimental details for the reactor design and function, catalyst preparation
and characterization, product identification, yield and distribution, and
isotopic labeling are given in the SI Appendix.
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