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Paradigm of climate change mitigation technologies is shifting from carbon capture and storage (CCS)
to carbon capture and utilization (CCU). Here we propose a new path to CCU - direct CO, conversion
to liquid transportation fuels by reacting with renewable hydrogen produced by solar water splitting.
The highly promising and CO,-neutral CCU system is possible by our discovery of a new catalyst that
produces liquid hydrocarbon (Cs.) selectivity of ~65% and greatly suppressed CH4 formation to 2-3%,
which represents an unprecedented selectivity pattern for direct catalytic CO, hydrogenation and is very
similar to that of conventional CO-based Fischer-Tropsch (FT) synthesis. The catalyst was prepared by
reduction of delafossite-CuFeO, and in-situ carburization to Higg carbide (x-FesC,), the active phase for
heavy hydrocarbon formation. The reference catalysts derived from bare Fe, 053, CuO-Fe, 03 mixture, and
spinel CuFe,;04 are much less active and produce mainly light hydrocarbons, highlighting the critical
role of delafossite-CuFeO, as the catalyst precursor. The new catalyst breaks through the limitation of
CO,-based FT synthesis and will open the avenue for new opportunity for carbon recycling into valuable
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liquid fuels at the similar conditions to industrially practiced CO-FT synthesis.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

An unrelenting growth of CO, emission into the atmosphere
threatens the world’s sustainability with the global warming. Car-
bon capture and storage (CCS) has been considered as the most
effective technology of mitigation options. Yet, the past years have
observed that storage of CO, in a geological reservoir has significant
drawbacks of the possible leakage, long-term liability, and avail-
ability of enough storage capacity in many regions of the world.
Naturally, global interest has been shifting from CCS to carbon
capture and utilization (CCU) that converts the captured CO, into
useful products such as fuels, chemicals, plastics, and alternative
building materials [1]. Among proposed options of CCU, conver-
sion of CO, into hydrocarbon fuels compatible with our current
storage and distribution network is most attractive. It represents a
CO,-neutral path because the fuels turn to CO, again upon com-
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bustion. Yet, to the extent that the carbon-neutral fuels replace
fossil fuels, they result in negative CO, emission or net CO, removal
from the atmosphere. Making hydrocarbons out of CO, must over-
come two challenges — chemical stability of the CO, molecule and
a cheap and renewable hydrogen source. Catalytic hydrogenation
of CO, has been studied intensively, but the products of direct
hydrogenation are limited mostly to low molecular weight (C;-
C4) hydrocarbons or oxygenates (CO, CH30H, HCOOH, CH30CH3,
etc.)instead of heavier liquid hydrocarbons more suitable for trans-
portation fuels [2-10].

Here we propose a new path to CCU - direct CO, conversion
to liquid fuels with renewable hydrogen produced by solar water
splitting as depicted in Scheme 1. Thus, CO, emitted from indus-
trial sources like coal power plants, steel mills, or chemical plants
is captured and reacts with H, generated from solar hydrogen
plant to produce liquid fuels in a single step. Our direct CO,-FT
synthesis is different from the CO,-to-dielsel conversion process
recently announced by Audi, which actually involves two steps
- reverse water gas shift (RWGS) reaction to CO followed by CO
Fisher-Tropsch (FT) synthesis [11]. The solar water splitting to pro-
duce hydrogen is developing rapidly lately and highly efficient
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Scheme 1. Proposed carbon capture and utilization (CCU) system based on catalytic
CO, conversion to liquid hydrocarbon fuels with hydrogen supplied from solar water
splitting.

PV-electrolysis [12] or photoelectrochemical systems [13,14] have
been developed. Hence, this report focusses on the catalytic CO,-
to-liquid fuel conversion (CO, FT synthesis) with renewable H,.
Hydrogenation of CO, to hydrocarbons consists of two reactions
in series - RWGS reaction (Eq. (1)) and FT synthesis (Eq. (2)) [15].

CO; +Hy < CO + HyOAH9g = +41 k]/mol (1)
CO + 2Hp; —» (—CHz—)n-i-HzOAHzgg = —152 kj/mol (2)

Compared to conventional CO-FT reaction with synthesis gas (a
mixture of CO and H;), CO, hydrogenation involves three moles of
hydrogen per mole of CO, and produces plenty of byproduct water,
whichis a deactivation agent for iron-based FT catalysts. Hence, CO,
hydrogenation is much slower than CO-FT reaction under the same
conditions [15]. The hydrocarbon products include light hydrocar-
bons (C;-C4 paraffins and olefins), and heavier hydrocarbons (Cs*),
and oxygenates [16]. Because CO is the chain growing agent in
FT reaction, CO, hydrogenation produces mainly low molecular
weight hydrocarbons instead of Cs5* products that are more valu-
able as liquid transportation fuels.

The CO, hydrogenation to hydrocarbons has been studied
mainly on traditional catalysts for CO-FT synthesis and Fe-based
catalysts are favored over Co, Ni and Ru because of their RWGS
activity and relatively higher selectivity for C,* hydrocarbons.
The selectivity of Fe catalysts for Cs* products could be further
improved by employing proper promoters. Widely studied promot-
ers to tailor the product distribution of Fe catalysts include second
metals (Mn, Cu, La, Zr, Cr, Mo, or Ta), alkaline metals (Na, K, or Rb),
and metal oxides (a-Al;03 and TiO, ) [7,17-23]. In spite of improve-
ment by these promoters, the selectivity for Cs* hydrocarbons is
much lower than that obtained from CO-FT synthesis over similar
catalysts.

Our novel Cu—Fe catalyst derived from delafossite-CuFeO, pro-
duces heavy hydrocarbons from CO, hydrogenation in the same
manner as from conventional CO-FT synthesis. Thus, reduction
and in-situ carburization CuFeO, formed effectively the Higg iron
carbide (x-FesC,), the known active catalytic phase for the for-
mation of heavier hydrocarbons in FT synthesis. The unique role
of delafossite-CuFeO, as the catalyst precursor is evident because
Cu—Fe reference catalysts derived from Cu,0-Fe,03 mixture and
spinel CuFe,04 were much less active and produced mainly light
hydrocarbons highlighting the critical role of delafossite-CuFeO, as
the catalyst precursor.

2. Experimental
2.1. Catalyst preparation

Delafossite-CuFeO, was prepared by a simple hydrothermal
method according to a reported procedure [24-26]. Thus, 2.02g
of Fe(NO3)3-9H,0 and 1.2 g of Cu(NO3),-3H,0 were dissolved in
40 ml of distilled water and then 0.1 mol NaOH was added into the
solution to maintain the basic condition. After stirring for 30 min,
0.5 ml of propionaldehyde was added as reduction agent for copper
(1) to copper (I). The mixture was transferred to 100 ml Teflon-lined
stainless steel autoclave and hydrothermal reaction took place
at 180°C for 6-24 h. The synthesized products are designated as
CuFe0,-6, CuFe0,-12, and CuFe0,-24 depending on the synthesis
time of 6, 12 and 24 h, respectively. Spinel CuFe;04 nanopowders
(<100 nm) was purchased from Sigma-Aldrich and bare Fe, 03 from
Kanto, and used as received. All the prepared catalysts are denoted
by their precursors, i.e. ex-CuFeO,, ex-CuFe;04, and ex-Fe;03

2.2. Catalytic CO, hydrogenation

The catalytic CO, hydrogenation was carried out in a fixed bed,
stainless steel reactor with a CO;/H, ratio of 1:3. The pre-reduction
was performed under 100 sccm of pure Hy at 400 °C for 2 h. For cat-
alytic reaction, CO, and H; were supplied into reactor with N, as an
internal standard gas to calculate CO, conversion. The reaction con-
ditions were 300 °C, 10 bar and a gas hourly space velocity (GHSV)
of 1800ml g~ h~1. Concentrations of the CO,, CO products and N,
were measured by an on-lined Agilent 7890A gas chromatograph
with a thermal conductivity detector and a Carboxen 1000 packed
column. Hydrocarbons of C;-Cg were analyzed with the same GC
with a flame ionization detector and an Alumina Sulfate PLOT Cap-
illary column. The heavier hydrocarbon products were collected
in cold trap. The composition of the heavy hydrocarbons was cal-
culated on weight percent of carbon number by using simulated
distillation (SIMDIS) analysis.

2.3. Characterization and product analysis

High-resolution transmission electron microscopy (HR-TEM)
and scanning electron microscopy (SEM) were carried out on JEOL
JEM-2200FS and Philips Electron Optics B. V. XL30S FEG, operated
at 10k eV. Powder X-ray diffraction (XRD) patterns were collected
from PANalytical x’pert using Cu Ko radiation. Temperature-
programmed reduction (H,-TPR) was performed on an AutoChem
Il apparatus of Micromeritics. Pore size distribution and BET sur-
face area were analyzed by N, sorption isotherms measured at
77 K on Mirae SI, Nanoporosity-XQ apparatus. X-ray photoelectron
spectroscopy (XPS) was carried out on ESCALAB 250xi using Al Ka
radiation.

X-ray asborption fine structure (XAFS) experiments were car-
ried out on 7D beamline of Pohang Accelerator Laboratory (PLS-II,
3.0GeV, 400 mA). The synchrotron radiation was monochroma-
tized using a Si(111) double crystal monochromators. At room
temperature, spectra for the Fe K-edge (Eg=7112eV) and the Cu
K-edge (Ep =8979 eV) were taken in a transmission mode. The inci-
dent beam was detuned by 30% for the Fe K-edge and by 20% for the
Cu K-edge in order to minimize contamination of higher harmon-
ics and its intensity was monitored using He-filled and N,-filled IC
SPEC ionization chambers for Fe and Cu K-edges, respectively. For
each sample, a reference spectrum of Fe foil or Cu foil was recorded
simultaneously so that the energy in the spectrum of sample could
be calibrated with respect to the K-edge energy of Fe metal or Cu
metal. The AHENA in the IFEFFIT suite of programs was used to ana-
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Fig. 1. SEM images of rhomboheral CuFeO, crystals synthesized by hydrothermal reaction for 12 h (a) and CuFeO,-12 reduced by H, (b) (scalebar, 2.5 um). HR-TEM images
of reduced CuFeO,-12 (c), and EELS mapping images of Fe (d), Cu (e) and C (f) for indicated area in the image in (g) of the used CuFe0,-12.

lyze the obatined data to determine the local structures of Fe and
Cu in CuFeO,, CuFe,04 and Fe, 03 catalysts.

3. Results
3.1. Physicochemical properties of the catalysts

As described in Experimental, delafossite-CuFeO, was synthe-
sized by a hydrothermal method according to a reported procedure
[24-26]. The catalyst precursor has delafossite CuFeO, structure
as shown by the XRD pattern (JCPDS card 01-075-2146) in Fig.
S1 of Supporting information (SI). The impurity phases of Fe;03
and Cu;0 are also observed with main diffraction peaks at 26 =33
and 38.9°, respectively, but their intensity gets diminished as the
hydrothermal time increases from 6 to 24 h. All the CuFeO, samples
reduced at 400°C for 2 h exhibit two intense diffraction peaks at
43.3 and 44.7° identified as Cu and Fe metals, respectively (Fig.S1b).
The same metallic phases are also observed for reduced CuFe;04
of the original inverse spinel structure, but Fe in this reference cat-
alyst has a higher intensity. Thus both CuFeO, and CuFe;04 form
separate phases of metallic Cu and Fe upon reduction.

Morphological details of synthesized catalysts were analyzed
by scanning and transmission electron microscopy (SEM, TEM).
As shown in Figs. 1 and S2, CuFeO, forms rhombohedral crys-
tals of ~1.0 wm together with many smaller particles of Cu,0 and
Fe,03 impurities that join into CuFeO, crystals with extended
hydrothermal reaction following an Ostwald ripening process.
This hydrothermal method allows easy synthesis of crystalline
CuFeO, at a low temperature compared to other synthesis meth-
ods [27,28]. Upon reduction, many macropores are developed
in CuFeO, particles with the original rhombohedral morphology
and size preserved (Fig. 1b). The evolution of textural properties

extracted from N5 adsorption-desorption isotherms is presented in
Figs. S3-S4 and Table S1 of SI. The reference spinel CuFe; 04 (Sigma-
Aldrich) is made of small nanoparticles of 30-50 nm (Fig. S5). Fig. 1¢
exhibits HR-TEM images of reduced CuFeO, with Hy, where spher-
ical copper particles of ~20 nm in diameter are formed in contact
with iron particles of irregular shape. Electron energy loss spec-
troscopy (EELS) mapping of CuFeO,-derived catalyst after the CO,
hydrogenation at 300 °C for 16 hin Fig. 1d-f indicates that carbon is
well dispersed overlapping with the distribution of Fe, but no cor-
respondence with Cu distribution. This could be taken as an initial
sign of the iron carbide formation in CuFeO,-derived catalyst as
discussed below.

3.2. Catalytic CO, +H, reactions

The prepared catalysts were investigated for CO, +H; reac-
tions in a fixed bed, stainless steel reactor at 300°C, 10bar
with H,/CO,=3 and a gas hourly space velocity (GHSV) of
1800mlg—'h-1. Three reference catalysts were tested derived
from spinel-CuFe;04, Fe;03, and 1:1 physical mixture of Cu,0O-
Fe,03. The time curves and product distributions are summarized
inFig.2 and Table 1. The reactionrates are expressed in Fe time yield
(FTY = mol of CO, converted per g of Fe in the catalyst per second).
The FTY remains stable after an early induction period of ca. 2 h.
The FTY values are lower than typical values of CO hydrogenation
on Fe-based catalysts by a factor of ~10 [29]. Their performance is
compared with reported values for CO, hydrogenation over iron-
based catalysts in Table S2 of SI. FTY of ex-CuFeO, is at least 2 times
higher than other unsupported reference catalysts studied here. All
catalysts have similar CO selectivity around 30% by the RWGS reac-
tion. It indicates that Fe metal has a similar RWGS activity with
or without copper. The most remarkable observation in Table 1 is
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Fig. 2. (a) Fe time yield (FTY) against time on stream for catalysts derived from
Fe, 03, CuFe;04, and CuFeO,-12 precursors. (Reaction conditions: 300°C, 10bar,
1800mlg-! h~1, H,/CO; =3). (b) Product selectivity on CO-free basis.

that ex-CuFeO, catalyst exhibits extraordinary selectivity toward
heavier hydrocarbons (Cs*) and olefins. The Cs* selectivity higher
than 65% is typically observed for CO-FT synthesis over iron-based
catalysts, yet has never been reported so far in CO, hydrogenation
as shown in Table S2. Equally impressive is the very low (2-3%)
methane selectivity, which is also unusual in CO, hydrogenation.
The ex-CuFeO, catalyst also shows a very high olefin-to-paraffin
(O/P)ratio of 7.3 for C-C4 hydrocarbons. Fig. S6 of Sl represents the
carbon number analysis using a simulated distillation method for
liquid products collected from CO, hydrogenation over ex-CuFeO,.
The main products cover the gasoline (C5-Cq1) and diesel (C13-Cy1)
ranges, while waxy hydrocarbons (C35*) are ~15 wt%. The product
distribution is very similar to the one typically observed in CO-FT
synthesis over iron catalysts [30].

The unique selectivity of ex-CuFeO, is evident in comparison
with reference catalysts under the same conditions. First, the cat-
alyst derived from Cu,0 (Alfa) did not show any CO, conversion
at all indicating no activity for RWGS. Next, a physical mixture of
Cuy0-Fe,03 (weight ratio=1:1) manifests much lower CO, con-
version, very little Cs* selectivity and small O/P ratio compared
to ex-CuFeO,. The product distribution is very similar to ex-Fe;03
with no obvious beneficial effects of copper. Finally, the catalyst
from spinel-CuFe, 0,4 with copper in the structure shows improved
Cs* selectivity and O/P ratio, but only marginally. Alkali metals such
as K and Na are usually introduced to iron catalysts in order to pro-
mote olefin selectivity in CO, hydrogenation. Our catalyst is unique
in producing the high O/P ratio with no added alkali metal. The
ICP analysis showed that ex-CuFeO, contained only 0.03% of Na
residue from the preparation step, which is much lower than typical
alkali-promoted iron catalysts. Thus there must be unique roles of
delafossite CuFeO, as the catalyst precursor, not simply as a source
of copper.

Additional kinetic studies were carried out for the ex-CuFeO,
catalyst to find the effect of GHSV (Table S3) and CO/CO,-cofeeding
(Table S4). Pure CO hydrogenation shows a high CO conversion of
80.9% with increased FTY by a factor of 4.2. But the unique selectiv-
ity pattern (high Cs* selectivity, high O/P ration, and low methane

NN “
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Fig.3. (a) Temperature-programmed reduction (TPR) profile of various catalyst pre-
cursors. (b) XRD patterns after CO, hydrogenation at 300°C for 16 h. The bottom
panel indicates expected peak positions for Cu, Fe, and FesC,. Inset shows expanded
pattern of ex-CuFe0,-12 with x-Fe5C, peaks highlighted.

selectivity) remain similar. The results confirm that our ex-CuFeO,
catalyst shows very similar product distribution in the hydrogena-
tion of both CO, and CO. Hence, our catalyst could be used as an
efficient CO-FT synthesis catalyst as well. A longer term stability
test in Fig. S7 indicates that the CO, conversion and Cs* selectivity
remains invariant for 100 h on stream.

3.3. Unique role of delafossite-CuFeQ, as the catalyst precursor

In this work, a novel Cu—Fe catalyst derived from delafossite-
CuFeO, produces heavy liquid hydrocarbons and olefins selectively
from CO, hydrogenation just like CO-FT synthesis. This represents
the first demonstration that liquid fuels and olefins of high value
and large market could be obtained directly from CO,, the most
troublesome greenhouse gas. In addition to the practical signifi-
cance, it is fundamentally interesting that Cu—Fe catalysts derived
from Cu,0-Fe, 03 mixture and spinel CuFe;04 are much less active
and produce mainly light paraffins, in spite of the similar Cu—Fe—O
compositions in the form of a physical mixture as well as the crystal
structure. Thus the unique product distributions could be obtained
only when delafossite-CuFeO,, is used as the catalyst precursor. A
small amount of copper metal (typical molar ratio of Cu/Fe=0.03-
0.07) has long been used as a promoter for iron catalysts in CO-FT
synthesis, where it serves as a reduction promoter facilitating the
reduction of Fe3* as well as carburization of Fe by CO/H; during the
pretreatment or catalytic reaction. It is also reported that copper
affects the performance of iron-based catalyst during the FT reac-
tion as a separate metallic phase [31] or Cu* phase [32]. But any
of the previous works cannot explain the dramatic precursor effect
observed in this work.

In order to clarify the role of copper, the reducibility of the
precursors was studied with temperature-programmed reduction
(H,-TPR) analysis in Fig. 3a. The TPR pattern of bare Fe,03 cat-
alyst shows the peaks at 340 and 560°C, similar to the reported
results [33]. All CuFeO, catalysts have distinctly lower reduction
temperatures, indicating that copper promotes the reduction of

Table 1

CO, conversion and selectivity for catalysts derived from various precursors®.
Catalyst CO, Conv.[%] CO sel.[%] CO-free HC sel.[%] 0o/p¢

Cy G Cs Cy Css+

Fe,03 14.3 332 60.2 22.5 113 3.7 2.3 0.03
CuFe0,-6 17.3 31.7 2.7 8.3 12.6 10.1 66.3 73
CuFe0,-12 18.1 31.9 39 10 14.5 113 60.3 7.0
CuFe0,-24 16.7 314 2.4 8.7 133 10.7 64.9 7.7
CuFe;04 133 28.4 383 19.7 20.1 10.5 114 0.02
Cuy0-Fe; 05" 15.7 289 57.6 22.8 12.6 44 2.6 0.03

a Selectivity was calculated on CO-free basis.
b Physically mixed Cu,0 and Fe,03 (weight ratio=1:1).
¢ Olefins/parafins ratio of C;-C4 products.
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Fig. 4. Fe K-edge XANES spectra (a-c) and derivative spectra of normalized absorption (d) of iron-based catalysts: (a) CuFeO,, (b) CuFe,04, (c) Fe,03, (d) after reaction for

16h.

iron as reported. The shoulder peak at 240°C for CuFeO,-6 rep-
resents the reduction of impurity Cu,O phase to Cu®. The peak
intensity decreases with increasing synthesis time from 6 to 24 h.
Spinel CuFe, 04 starts its first reduction of Cu in a lower tempera-
ture <250 °C. Reduction of iron in CuFe,04 begins between 400 and
450°C, which is consistent with the reported reduction tempera-
ture of Fe3* to Fe2* [34], and complete reduction to metallic Fe is
observed ~650°C. The final reduction temperature is significantly
higher than that of CuFeO, (~550 °C) though both catalysts contain
reduction promoter Cu. Hence, the reducibility to metallic state is
higher for CuFeO, than CuFe;04.

Another proposed role of copper is to facilitate the in-situ
carburizationiron to the active carbide phase during the CO, hydro-
genation. The XRD analysis in Fig. 3b after CO, hydrogenation
at 300°C for 16 h indicates that ex-CuFeO, catalyst has the dou-
blet peaks at the similar positions of reduced catalysts, but the
intensity of Fe peak is greatly reduced and many small new peaks
appear, which are identified as diffraction peaks of Higg iron car-
bide (x-FesC;) as highlighted in the inset. In ex-CuFe,04 catalyst,
the intensity of Fe metal peak is reduced, but the formation of the
carbide could not be identified. No particular change is observed
for the used ex-Fe; O3 catalyst after the reaction. Post-reaction XPS
analysis in Fig. S8 reveals that both of Fe 2p;;, and 2p;j; spec-
tra appear at 711.0 and 723.5 eV, respectively, for ex-CuFeO, and
ex-CuFe;04. The peak positions indicate that oxidized Fe species
are present on the surface of both catalysts, but that ex-CuFeO, is
more reduced because of dominant peaks at 710.3 eV, indicating
Fe2*. On the other hand, a small, lower binding energy of 708 eV
is only observed in ex-CuFeO,, attributable to x-FesC, peak [35]
formed during CO, hydrogenation. The XPS spectra of C 1p in Fig.
S6¢ and d indicate that ex-CuFeO, contains carbonate species and
carbon-carbon chains, while ex-CuFe,0,4 contains only carbonate
peaks. Hence, both XRD and XPS indicate the formation of the x-
FesC, phase during the reaction only in ex-CuFeO; catalyst.

Our attempts to positively identify x-FesC, formation by XRD
and XPS were only partly successful because XRD is not that
sensitive for the materials of low crystallinity and XPS provides
only near-surface information. Hence, X-ray absorption near-
edge structure (XANES) spectroscopy was employed, which is
an element specific, low concentration-sensitive, crystallinity-
independent and local bulk structure-determining probe. Fig. 4a
displays the Fe K-edge XANES spectra of delafossite CuFeO, cata-
lysts. As-prepared CuFeO, has the same edge-rising portion as the
reference Fe,05 in terms of energy and shape, denoting a Fe3* state.
When reduced with hydrogen, the spectrum is shifted to a lower
energy, which is identical to Fe foil. The catalyst after CO, hydro-
genation at 300°C for 16 h seems to have a similar edge position
to Fe foil, but the edge-rising features are clearly different from
each other. Spinel CuFe,04 and hematite Fe, 03 catalysts were also
analyzed as shown in Fig. 4b and c. In the case of CuFe;04, the
edge-rising position in the spectrum of as-prepared sample is close
to Fe; 03 and CuFeO,, but the edge feature above 7124 eV is differ-
ent because CuFeO, and CuFe,04 have their unique arrangements
of neighboring atoms around a central iron as shown in the struc-
tural models in Fig. S9 of SI. The reduced sample exhibits near-edge
feature at the lower energy region of 7110-7122 eV, but crossing
edge-rising feature is observed at 7123 eV. Unlike CuFeO,, Fe3* in
CuFe,0, is reduced only to Fed* rather than Fe®. Moreover, the
Fe state does not change after the reaction. The Fe,03 catalyst
shows close similarity to Fe foil when treated with hydrogen. The
used Fe,05 catalyst exhibits distinctly different XANES spectrum
as compared to the reduced sample. For more detailed analysis, the
derivative spectra of normalized absorbance are compared for all
catalysts after the reaction in Fig. 4d. The Fe K-edge XANES spec-
trum of the used CuFeO, catalyst is very similar to that of the
reference Hdgg iron carbide (x-FesCy) prepared by the reported
method [36,37]. However, CuFe,;0,4 and Fe,03 exhibit entirely dif-
ferent spectra from that of Higg iron carbide. The study of CuK-edge
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XANES exhibits the full reduction of Cu* in CuFeO, and Cu?* in
CuFe, 04 to CuY state, which is maintained during the reaction (Fig.
S10).

4. Discussion

Results of Hy-TPR, XRD, XPS and XANES analyses provide a con-
sistent picture of the structural evolution of the catalysts from the
precursor state to post-reaction as follows. Compared with Fe;03
and CuFe;04, Fe3* in delafossite CuFeO, is reduced to FeP to the
greatest extent in the pre-reduction at 400°C in Hy. This reduced
state seems to play an essential role to form Hagg carbide in situ
during the CO, hydrogenation reaction, which is the known active
phase of iron-based catalysts in CO-FT synthesis and appears to
be the active phase of CO, hydrogenation as well. The presence
of copper in the catalyst is important to help Fe3* readily reduced
as is well established in CO-FT synthesis over iron-based catalysts
[38]. However, we have demonstrated that the nature of precursor
is critical in the reduction process. References of Cu,0-Fe,03 and
spinel CuFe;04 show only marginal promotional effects by cop-
per although they also contain copper in separate phases or in a
single phase, respectively. The origin of the different reducibility
among the different precursors is not obvious. The spinel CuFe;04
is usually synthesized at a high temperature over 800 °C and highly
stable in static conditions with both metals in the fully oxidized
states of Cu?* and Fe3*. But Cu in CuFeO, is in the intermediate
oxidation state of Cu*, and thus it may be thermodynamically less
stable against reduction. Kinetically, it was reported that the rate
constant at 543 K for the reduction to a-Fe was ca. 3.5 times higher
for CuFeO, compared to CuFe,04 [39]. Thus, swift reduction and
in-situ carburization of CuFeO, during the reaction forms effec-
tively the Hdgg carbide, the known active catalytic phase for FT
synthesis. In addition, 0.03% of Na was detected in the ICP analy-
sis of the catalyst. Hence, a synergistic effect between the carbide
phase and the small amount of alkali promotor seems responsi-
ble for the selective formation of heavier hydrocarbons. Relative to
the Fe,03-derived catalyst, the delafossite-derived catalyst shows
improved higher hydrocarbon (Cs*) selectivity from ~2% to ~65%,
and increased olefin to paraffin ratio, whereas methane selectivity
is greatly suppressed from ~60% to 2-3%.

5. Conclusions

Delafossite-CuFeO, becomes a precursor to Cu—Fe catalysts that
produce higher liquid hydrocarbons with a selectivity of ~65%, an
olefin-to-paraffin ratio of ~7.3, and minimal methane selectivity of
2-3%. This represents a typical product distribution obtained from
FT synthesis from CO over efficient iron-based catalysts. This rep-
resents the first demonstration that liquid fuels and olefins of high
value and large market could be obtained from CO,, the most trou-
blesome greenhouse gas. The unique role of delafossite-CuFeO; as
the catalyst precursor is attributed to the swift reduction and selec-
tive carburization to form the Hdgg iron carbide (x-Fe5Cy), which
is the active catalytic phase for the formation of higher hydro-
carbons in CO, hydrogenation. Other precursors like Cu,0-Fe;03
and CuFe; 04 are not effective in the formation of the active phase
although they contain copper. We believe the new catalyst breaks
through the limitation of CO,-based FT synthesis and will open the
avenue for new opportunity for recycling CO, into valuable fuels
and chemicals.
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