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The production of long-chain hydrocarbons from CO, and water using solar light is a big challenge for the
catalysis society. Cobalt nanostructures have been reported to catalyze the production of C3-C15 alkanes
in a cobalt-water-CO, three-phase system under white light, yet the proposed photocatalytic mechanism
still lacks evidence. In this work, cobalt micro- and nanostructures with different sizes and morphologies
are used as model catalysts to reproduce this reaction. Despite different activity, selectivity and stability,
the catalysts are found to follow the same reaction mechanism: a CO, assisted galvanic replacement reac-
tion to produce H, followed by a thermal catalytic CO, hydrogenation to produce alkanes; meanwhile,
the Co catalysts are gradually but inevitably converted to CoCOs, leading to a slow deactivation. The
low concentration of the in-situ formed H, favors the growth of C2+ alkanes. The incident light drives
the reaction by heating the catalyst, rather than providing plasmonic hot electrons for CO, reduction.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

The production of petroleum or diesel-like long-chain hydrocar-
bons from CO,, water and solar energy is really a dream of the
catalysis society [1]. Usually, such big molecules (e.g. C3+) can
hardly be obtained by a photocatalytic or electrocatalytic CO,
reduction due to the kinetic limit [2-6], while the modified
Fischer-Tropsch synthesis (with CO, as the reactant) may work
but must be carried out at high temperatures with H, [7-9]. In
the last decade, a few researchers have attempted this challenging
synthesis by using Co as the catalyst. Wang et al. were the first to
report a nature-like photosynthesis with femtosecond laser
induced Co nanostructures in 2009 [10] and 2011 [11]. They
claimed that H,O and CO, were respectively disassociated to H,
or H atoms (at excited states) and CO (at excited states) on Co
due to the local strong electrical field around the tips. These acti-
vated molecules were then converted to long-chain hydrocarbons
by Co nanostructures with an incredibly high production rate (i.e.
above 50 ml/g/h liquid/solid hydrocarbons). Five years later, Chan-
manee et al. made a similar design by using a Co/TiO-, catalyst [12],
but the reaction was proposed to be driven by both photo-excited
electrons and thermal energy: the photo-excited electrons from
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TiO, under UV light were injected into the Co nanoparticles and
reduced the adsorbed CO, to CO and adsorbed water to H, or H
atoms, then the Co nanoparticles catalyzed a Fischer-Tropsch-like
process at above 160 °C to yield long chain molecules. Unfortu-
nately, their hydrocarbon products were proven to come from car-
bon impurities rather than CO, [12], and the paper was retracted
by the authors about two years later. In contrast, Wang et al. pub-
lished a follow-up paper this year using Co nanostructures from
acid etching to extend their mechanism [13]. In this paper, they
ruled out the interference of carbon impurities by using '>C isotope
labeling and offered a theoretical explanation of the surface plas-
monic effect, i.e. the local field enhancement and hot electron gen-
erations, by employing density-functional theory (DFT)
calculations.

Inspired by the new findings of Wang et al., we tried to gain
more understandings of this reaction, especially the correlation
between the plasmonic effect and the production of long-chain
hydrocarbons, from the experimental side. We synthesized cobalt
catalysts with different sizes and morphologies, and obtained
long-chain hydrocarbons. However, X-ray diffraction (XRD), scan-
ning electron microscope (SEM), Fourier-transform infrared spec-
troscopy (FTIR), combined with catalytic tests in different
conditions revealed a totally different mechanism: the production
of alkanes is a thermal CO, hydrogenation process with no evident
contribution from photocatalytic effect. These reactions happen
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generally on all Co samples, despite small influence of their sizes
and morphologies.

2. Results and discussion
2.1. Cobalt catalysts

Co nano-micro-structures with different sizes and morpholo-
gies were prepared by using chemical reduction or acid etching
methods [13,14]. Fig. 1a shows Co nanospheres (NSs) with a diam-
eter of 30-60 nm. Fig. 1b shows Co micro-leaves (MLs) with a size
of 3-5 um and with their surface highly structured at the nanos-
cale. Co microparticles with their surfaces decorated by nanoflakes
(MPNFs) were also prepared using commercial Co microparticles
(MPs) with a large size (50-100 pm) and smooth surface (as shown
in Fig. 1c). The obtained nanoflakes in Fig. 1d display a size of
~500 nm and a thickness of <50 nm. XRD in Fig. 1e roughly shows
a face centered cubic (FCC) structure for Co NSs with no evident
hexagonal close packed (HCP) phase. The XRD peaks are broad
and weak due to the small size and poor crystallinity. The small
peak at around 260 = 46° was possibly from Co,B [15,16], which
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usually forms in the reaction between Co?* and NaBH, [16]. In con-
trast, Co MLs show clearly a HCP dominated structure with a trace
FCC phase. The commercial MPs, either with or without nanoflakes,
show a mixture of FCC and HCP phases, the same with Wang et al.
[13] XPS of Co MLs in Fig. 1f displays strong signals of CoO (with
satellites at 803.0 eV and 787.0 eV) [17] and a tiny peak of metallic
Co (at 777.9 eV) [18]. It suggests that the surface of cobalt MLs is
passivated by a thin layer of CoO (<5 nm) when exposed to air,
while the core is still metallic, consistent with previous reports
[11,13]. Such CoO layers protect the Co metal from oxidation.

2.2. Catalytic performance

C2+ alkanes have been successfully reproduced by Co NSs, MLs,
and MPNFs in a glass batch reactor with CO, and water and irradi-
ated by a halogen lamp (setup shown in Fig. S1). Taking Co MLs as
an example, Fig. S2a shows that a significant amount of H, and
straight-chain alkanes (C1-C11) and trace branched alkanes were
detected in the gas phase after 20 h of irradiation. Analysis of the
liquid/solid products, extracted by dichloromethane (CH,Cl,), also
confirmed the presence of C6-C16 straight-chain alkanes as shown
in Fig. S2b. The long-chain products are comparable with the latest
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Fig. 1. SEM images of (a) Co nanospheres (NSs), (b) Co micro-leaves (MLs), (c) commercial Co microparticles (MPs) and (d) Co microparticles decorated with nanoflakes

(MPNFs). (e) XRD patterns of Co NSs, MLs and MPs. (f) XPS results of Co MLs.
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report of Wang et al. [13] No alkenes, alcohols, or CO was detected.
For the convenience of analysis, only C1-C6 straight-chain alkanes
in the gas phase were counted in the calculation of activity and
selectivity. According to Fig. 1a and b, the activity and selectivity
showed a trend that was related to the size and surface area of
the Co catalysts. Co NSs with the smallest size and the largest sur-
face area (i.e. 16.8 m?/g) showed the highest conversion rate of CO,
(ie. 4.7 umol/g/h) that was 2.7 times of MLs (i.e. 1.8 pmol/g/h, its
surface area is 5.0 m?/g) and two orders of magnitude higher than
that of MPNFs (i.e. 0.02 pumol/g/h, its surface area is 0.7 m?/g);
meanwhile, the H, production follows the same trend as shown
in Fig. 2a. On the other hand, Co NSs exhibited a lower selectivity
to CHy (i.e. 51%) than MLs (i.e. 68%) and MPs (i.e. 77%). Despite 10
times more catalyst (i.e. 3 g) was used for MPNFs, it produced neg-
ligible alkanes compared to Co MLs and Co NSs (Fig. 2a) due to the
super large size (50-100 pwm) and small surface area. Apart from
these factors, the difference in morphology, crystal structure, and
composition may also affect the activity and selectivity, but it is
not the scope of the current research.

Using Co MLs as the catalyst, the effect of the Co/H,0 ratio was
studied. In the first set of experiments in Fig. 2c, 300 mg of Co was
mixed with different amount of water (e.g. 0.3-1.5 ml) to tune the
environment around it. Consistent with previous observation of
Wang et al., the reaction with a solid-liquid-gas contact (0.5 ml
of water) significantly outperformed the ones with solid-gas con-
tact (0.3 ml of water) and solid-liquid contact (1.5 ml of water)
[10,11,13]. In the second step, we changed the amount of Co cata-
lyst while keeping the water and the area of Co that spread on the
reactor. Surprisingly, the CO, conversion rate normalized by the
area of light irradiation increased continuously, while the ones
normalized by mass was almost constant (as shown in Fig. 2d). It
suggested that the reaction rate was determined by the amount
of catalyst, rather than the light irradiation area. In other words,
the Co particles beneath the top surface were also participating
in the CO, conversion reaction, which is against the basic principle
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of photochemistry. Fig. 2c and d shows that the selectivity to CH,4
varies gently between 60% and 70% with a same trend of the
H,0/CO, ratio, while H, has a similar trend with the conversion
rate of CO,.

Control experiments in Ar and in dark were carried out to verify
this reaction. When CO, was replaced by Ar while keeping the other
conditions, no hydrocarbon was detected as shown in Fig. 3a, con-
firming that CO, was the carbon source. However, neither H, nor
0, was detected, suggesting that H, was not produced through the
photocatalytic water splitting. Reaction with CO, and water in dark
was then performed and the temperature of the catalyst was kept at
about 120 °C by using different external heaters (i.e. a heating plate
or an infrared heat emitter). As shown in Fig. 3, identical hydrocar-
bons and H, were produced under the infrared heat emitter (i.e. in
dark) and the halogen lamp (i.e. under light). It clearly demonstrates
a non-photochemistry nature of this reaction, which is completely
different from the surface plasmon induced photocatalysis as pro-
posed by Wang et al. [13]. The heat provided by the incident light
(i.e. through a photothermal process) and by the heat emitter
showed no difference in driving this reaction. When using a heating
plate below the reactor, the reaction occurred as well but with some
difference in the activity and selectivity (shown in Fig. S3). It was
caused by the unsteady heating as well as the opposite temperature
gradients (i.e. heat from the bottom).

2.3. CO; assisted production of H,

With the above findings, the question becomes how the ther-
mal/photothermal energy contributed to the production of H,
and alkanes? Experiments were designed to discover the produc-
tion of H; in dark. Typically, 100 mg of Co MLs were mixed with
0.5 ml of water at room temperature in a 48 ml vial and purged
with pure CO,, Ar, or air before sealing it. Fig. 4a shows that H,
was continuously produced in CO, but not in the other two atmo-
spheres, identical to the above control experiment at 120 °C. The
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Fig. 2. A comparison of Co nanospheres (NSs), micro-leaves (MLs) and Co microparticles decorated with nanoflakes (MPNFs) in terms of (a) the rate of CO, conversion, the
selectivity to CHy, the total production of H», and (b) the detailed selectivity to C1-C6 alkanes. (c) The effect of water and the catalyst-environment interface on the catalytic
performance. Solid-gas (S-G), solid-liquid-gas (S-L-G), and solid-liquid (S-L) interfaces were created when using 0.3, 0.5, and 1.5 ml of water, respectively. (d) The effect of the
amount of catalyst on the activity and selectivity. The reaction rate of CO, was normalized either by the mass or by the irradiation area.
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Fig. 3. (a) The production of C1-C6 and H, and (b) the selectivity of C1-C6 in light (under a halogen lamp) and in dark (under an infrared heat emitter).
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Fig. 4. (a) The production of H, with Co micro-leaves (MLs) under different atmospheres. Conditions: 100 mg of Co MLs was mixed with 0.5 ml of water at 25 °C in a 48 ml
vial. The vial was purged with pure CO,, pure Ar, or air, then sealed and placed in dark. The concentration of H, was analyzed every day. (b) The production of H, with
commercial Co MPs at different conditions. SEM images of Co MLs after storing in H,0 with (c) pure Ar or (d) pure CO, for 1 week. (e) FTIR spectra and (f) XRD patterns of Co
MLs and Co MPs in H,0 with pure CO, or Ar for 1 week.
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Co MLs after storing in CO, and Ar for one week were compared.
SEM in Fig. 4c shows that Co MLs in Ar maintained the micro-
leaves shape although their surface has been seriously contami-
nated by nanosheet or nanoneedle-like species. In contrast,
Fig. 4d shows that Co MLs in CO, have been completely trans-
formed to a micro-mushroom shape. FTIR in Fig. 4e and XRD in
Fig. 4f further prove the emergence of CoCO3; phase after storing
in CO,, but not in Ar. This correlation indicates that CO, functioned
as a reactant, rather than a catalyst, in the production of H,.

Theoretically, the galvanic replacement between Co and water
to produce H; (i.e. Co + H,O — CoO + H,) is thermodynamically fea-
sible at room temperature (according to the thermodynamic equi-
libriums in Fig. S4), although it may be kinetically limited by the
low temperature and pressure, small surface area of Co, and low
concentration of H'. As an acidic gas, CO, was supposed to promote
the reaction in the forward direction by forming a stable product
CoCOs3 (e.g. Co + H,0 + CO, — CoCOs3 + Hy). To confirm the gener-
ality of this reaction, the commercial Co MPs with large size and
smooth surface (50-100 pm, used by Wang et al. [10,11,13]) were
also tested. As shown in Fig. 4b, e and f, both H, and CoCO3; were
produced, although the reaction rate was much lower due to the
limited surface area. Increasing the temperature and CO, pressure
to the testing condition (e.g. 120 °C and 4 bars) dramatically
boosted the galvanic replacement.

2.4. CO, hydrogenation reaction

With the noticeable production of H, from the galvanic replace-
ment in the testing condition (e.g. 120 °C and 4 bars), it is question-
able whether H,O or H, is H source for the alkanes.
Thermodynamic equilibriums in Fig. S5 indicate that CO, and
H,0 can never be converted to alkanes (through CO, + H,O — C,-
Honez + O5) even at temperatures up to 1000 °C, in the absence of
photocatalytic or electrocatalytic contribution. On the contrary,
its reverse reactions, such as the combustion of methane [19,20]
and volatile organic compounds (VOC) [21,22], are certainly avail-
able in thermal conditions. Thereby, we believe that water is not
the direct reactant for the alkanes.

Experiments were designed to figure out if the in-situ formed H,
was converted to alkanes or not. Reactions at 120 °C for different
time periods (i.e. 5 h, 20 h, and 40 h) and reactions at different tem-
peratures (i.e. 95 °C, 120 °C, and 158 °C) for 20 h were performed.
The former experiment in Fig. 5a showed a normal increase of H,
with reaction time, consistent with the test at room temperature
in Fig. 4a. The H, concentration of the latter experiment in Fig. 5b,
however, showed a volcano shaped trend with the increase of tem-
perature. Considering that the galvanic replacement should be both
thermodynamically (thermodynamic equilibriums shown in
Fig. S4) and kinetically enhanced at elevated temperatures, the
lower concentration of H, at 158 °C than that at 120 °C suggested
a consumption of H, during this process. Considering also the much
higher conversion rate of CO, at 158 °C (shown in Fig. 5b), we
believe that H, was consumed by CO, to produce alkanes at the ele-
vated temperatures. This proposed CO, hydrogenation process was
further confirmed by directly testing in a mixture of H, and CO,
with a volume ratio of 1/7. It was mimicking the final H,/CO, ratio
in the CO,-H,0 system after 20 h of test at 120 °C. As a result, Fig. 5¢
and d shows similar selectivity of C1-C6 alkanes but with ~10 times
higher amount compared to the CO,-H,0 system. The identical dis-
tribution of products demonstrated that the gas phase hydrogena-
tion was the real process that happening in the CO,-H,0 system.
The relatively lower activity of the CO,-H,0 system was due to
the blockage of the Co surface by water or CoCOs.

Generally, the production of C2+ alkanes from CO, and H, is
unusual for pure Co, which is known as a CO, methanation catalyst
[23-25]. The contribution of plasmonic effect to the growth of car-

bon chains, as proposed by Wang et al. [13], has been ruled out by
doing a series of tests in dark and under light. Fig. S6a and b show
identical activity and selectivity in these two conditions, consistent
with our CO,-H,0 system as well as many previous reports of Co
based catalysts for CO/CO, hydrogenation [26-28]. According to
the literature, long-chain hydrocarbons can also be produced in
dark through a tandem process that consists of a reverse water
gas shift (RWGS, CO, + H, — CO + H,0) reaction and a Fischer-
Tropsch synthesis process (CO + H, — CkHy + H,0) [7,26]. However,
this mechanism is not true for our system due to lack of a RWGS
catalyst (such as Pt [7], Fe [26], Cu [29]) and the absence of CO
throughout the test. In fact, we found that by altering the H,/CO,
ratio in the gas phase from 1/7 to 3/1, the selectivity to C2+ alkanes
dropped dramatically from ~35% to ~3% (shown in Fig. 5e). It meant
that the high atomic ratio of C/H on Co favored the carbon-carbon
coupling [8,30].

2.5. Stability

Despite the production of alkanes, this process is not sustain-
able due to the chemical reaction happened on Co catalyst.
Figs. S7-9 show significant structural, morphological, and compo-
sitional changes for all the Co MLs, NSs, MPNFs, and MPs after the
test. The surface CoO layer on MLs failed to protect the Co metal
from galvanic replacement reaction since CoO reacted with CO,
easily (evidence shown in Fig. S10). Reactions on the smooth and
nanostructure-free MPs also created abundant CoCOs; micro-
islands on their surface (as shown in Fig. S9b and c). This transfor-
mation is thermodynamically inevitable under the testing condi-
tion, and is kinetically accelerated by lowering the size, creating
nanostructures, or increasing the surface area of Co. Therefore,
the reported good stability of Co nanoflakes under the identical
testing conditions by Wang et al. [13] is doubtful.

The galvanic replacement induced consumption of Co MLs in
each cycle was calculated to be ~15.8 mg based on the average
amount of H, produced. Thus, 300 mg of Co MLs allowed about
19 cycles of tests if keeping the same conversion rate of Co. Using
more catalysts (such as 600 mg or 3 g) would further prolong and
smooth out the deactivation. On the other hand, the activity was
more sensitive to the configuration of Co and CoCOs;, rather than
the consumption of Co. When the formed CoCO3; was mixed with
Co NSs as shown in Fig. S8d, rather than coating on the surface (like
the Co MLs shown in Fig. S7d), the catalyst exhibited a relatively
stable activity with no evident decline in four tests (Fig. S8a).
Therefore, cyclability tests with limited cycles (for example <4
cycles) may send out misleading information about their stability

2.6. The overall mechanism

The proposed mechanism is shown in Scheme 1. The “magic”
production of alkanes from water and CO, under light is neither
a photocatalytic reaction nor a sole thermal catalytic reaction. No
evidence of plasmonic effect has been found. In fact, the plasmonic
behavior of Co has been rarely reported so far [31-33]. Bhatta et al.
claimed that only the monodispersed Co colloids (~9 nm) exhibit a
plasmonic absorption at UV region, and any aggregation of the Co
particles vanishes the plasmon resonance dramatically due to elec-
tron scattering with spin flip in the presence of second magnetic
particles [33]. Based on their finding, it is theoretically not possible
for Co powders to generate surface plasmon resonance due to the
stack of particles. The contribution of the 5% UV in solar light has
also been experimentally ruled out by simultaneously irradiating
the catalyst with a halogen lamp (visible-NIR light) and an UV
lamp (~400 nm). As shown in Fig. S11, identical activity and selec-
tivity were observed when keeping the same temperature.
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Scheme 1. Mechanism of the photothermal production of alkanes (i.e. CyH2n+1, n = 1-16) in a Co-CO,-water three-phase system under light irradiation. The left particle
shows the CO, induced galvanic replacement between Co and H; to produce H, and CoCO5; while the right particle shows the subsequent gas-phase CO, hydrogenation
reaction on Co to produce alkanes. This reaction is driven by the thermal energy from the UV-Vis-NIR light. Co was continuously converted to CoCOs.

In contrast to the plasmonic effect, the contribution of pho-
tothermal energy to the production of alkane is quite evident.
Under the light irradiation, Co catalysts are efficiently heated
thanks to their full absorption of UV-Vis-NIR light. The production
of alkanes consists of two steps as shown in Scheme 1. First, H, is
produced through a galvanic replacement between Co and H,O
with the assistance of CO,. This reaction becomes significant with
increasing temperature, increasing CO, pressure and downsized Co
catalyst. Second, a gas phase CO, hydrogenation reaction takes
place on the exposed Co metal driven by the photothermal energy.
The relatively low concentration of H, favors the carbon-carbon
coupling to form long-chain alkanes.

Due to a good performance in carbon-carbon coupling in the
Fischer-Tropsch synthesis, Co was selected by both Chanmanee
et al. [12] and Wang et al. [10,11,13] to synthesize long-chain

hydrocarbon from CO, and water. However, its poor stability in
such conditions has not been noticed. In fact, research on
Fischer-Tropsch has shown many deactivation cases that caused
by oxidation of Co metal by the in-situ formed water [34-36].
Our research shows that concentrated CO, will largely accelerate
the Co oxidation and form inactive CoCOs in the presence of water
at elevated temperatures. Therefore, Co is not a good candidate for
such applications.

3. Conclusion

We have successfully reproduced the long-chain alkanes start-
ing from CO, and water by using various Co nano-micro-
structures. However, no evidence of the surface plasmon induced
photocatalytic process has been observed. Instead, we found it
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occur through a galvanic replacement chemical reaction followed
by a gas phase thermal catalytic CO, hydrogenation reaction. Alka-
nes were produced in a CO, rich and H; lean atmosphere at the cost
of the Co metals. Based on this finding, the stability of cobalt in a
CO, rich aqueous environment is the main challenge for this appli-
cation, and structure designs by integrating proper light harvesters
and electron donors are the potential solutions in future.
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