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Abstract: Abiotic synthesis of formate and short hydro-
carbons takes place in serpentinizing vents where some
members of vent microbial communities live on abiotic
formate as their main carbon source. To better under-
stand the catalytic properties of Ni—Fe minerals that
naturally exist in hydrothermal vents, we have inves-
tigated the ability of synthetic Ni—Fe based nano-
particular solids to catalyze the H,-dependent reduction
of CO,, the first step required for the beginning of pre-
biotic chemistry. Mono and bimetallic Ni—Fe nano-
particles with varied Ni-to-Fe ratios transform CO, and
H, into intermediates and products of the acetyl-
coenzyme A pathway—formate, acetate, and pyruvate —
in mM range under mild hydrothermal conditions.
Furthermore, Ni—Fe catalysts converted CO, to similar
products without molecular H, by using water as a
hydrogen source. Both CO, chemisorption analysis and
post-reaction characterization of materials indicate that
Ni and Fe metals play complementary roles for CO,
fixation. )

Introduction

Because of their reactive chemical environment, hydro-
thermal vents are interesting in the context of life’s
origin."?! They harbor microbial communities that might
reflect growth conditions on the early Earth,** with
chemosynthetic primary production powered by reactions
of inorganic compounds provided by their habitat.’! Off
ridge systems like the Lost City Hydrothermal Field
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present highly reducing, alkaline and cooler conditions!®
relative to black smokers, which tend to be situated
directly above volcanic activity at spreading zones, and
are therefore the focus of theories that aim to narrow the
gaps between geochemical and biological processes.[*!"
The chemistry of the Lost City type hydrothermal vents is
marked by the geochemical process of serpentinization, in
which reactions of water with olivine-rich (magnesium
iron silicate) ultramafic rocks generate metal oxides,
aqueous hydroxides and H, gas as a key byproduct.** H,
synthesized during serpentinization can generate high
concentrations of formate, which is the main carbon
source for microbial growth in some serpentinizing
systems.'"'*) H, generated during serpentinization can
also reduce metal ions in the crust (like Fe** and Ni*")
directly to their native metals or alloys. For example,
Ni;Fe alloy (awaruite) can be formed naturally at 50 bars
of H, partial pressure at low temperature.'”’ Although
awaruite is the most commonly reported alloy,!'*'®! also
existence of various combinations of Fe—Ni alloys like
taenite,!'”! tetrataenite,” and their native metal forms in
hydrothermal vent systems have been reported."?

The continuous production of molecular H, at concen-
trations between 1-15mmolkg ' is thought to play a
critical role for early metabolic evolution®?!! because the
most ancient biochemical pathway of CO, fixation, the
linear acetyl-coenzyme A (acetyl-CoA) pathway, utilizes
H, as an electron donor.” The acetyl-CoA pathway is the
only exergonic autotrophic CO, fixation pathway
known.”®*! The central and most highly conserved
enzyme of the acetyl-CoA pathway is bifunctional carbon
monoxide dehydrogenase/acetyl-CoA synthase (CODH/
ACS), which is replete with transition metal (Ni, Fe)
sulfide clusters at its active sites,”>?! suggesting that these
metals might have served as inorganic catalysts for the
pathway prior to the origin of enzymes.

Reductants released from hydrothermal vents, such as
H,SF! and H,, can convert CO, to small organic molecules
under hydrothermal conditions with the help of transition
metal catalysts. It has been demonstrated that zero valent
metals like Mn,PY Fe, and Ni®? can reduce CO, at
relatively high temperatures (ranging 200-300°C) when
HCO;™ is used as carbon source in water. Horita and
Berndt reported in 1999 that Ni;Fe (awaruite) is able to
reduce CO, to CH, in H,-rich aqueous solution at 300°C
under 500 bar, which suggested a source for the origin of
abiotic CH, in vent effluent.’” He et al. reported the
synthesis of formate and acetate from aqueous CO, using
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native iron as the reductant.’ Roldan etal. reported
electrochemical CO, reduction in H,O over Fe;S, catalyst
to formate, acetate, pyruvate, and methanol (compounds
of the acetyl-CoA pathway) with micromolar yields at
different pH values.? Moran and co-workers found CO,
fixation using native transition metals Ni’, Fe” and Co° as
reductants, yielding formate, acetate and pyruvate with 1-
40 bar of CO, at the temperature range of 30-100°C.P
Recently, Preiner et al. demonstrated that hydrothermal
vent minerals, FeS, Fe;O,, and Ni;Fe are able to reduce
CO, to 200mM formate, 100 pM acetate, and 10 uM
pyruvate using H, as a reductant under mild hydrothermal
conditions, at 25 bar and 100°C, directly emulating the
H,-dependent acetyl-CoA reaction pathway used by
microbes.””) Hudson et al. reported pH-dependent CO,
reduction to ~1 uM formate using an Fe(Ni)S catalyst.[**
Later, He et al. reported the abiotic formation of long-
chain hydrocarbons from NaHCO; by using Co and Fe
catalysts.’! This progress in the field of metal-dependent
CO, reduction in the context of the origins has not been
accompanied by systematic investigations of the effects of
the composition of iron and nickel in their alloys.
Furthermore, the role of H,O as potential hydrogen and
oxygen source in the absence of H, for CO, fixation has
not been explored. Besides its importance for life, CO, is
also a potential greenhouse gas,[*"*!l the use of which as
possible feedstock for the synthesis of value-added chem-
icals can lower the carbon footprint.***! Understanding
of abiotic CO, conversion to organics in hydrothermal
vents can also provide insights towards the development
of sustainable CO, reduction systems.

We recently investigated the formation of pyruvate
from CO,+ H, and the conversion of this C3 product to a
larger molecule, citramalate, over Ni;Fe catalyst in water
at 25°C." Herein, we focus on the different compositions
of Ni—Fe catalysts for CO, reduction in the presence or
absence of molecular H,. Thus, we examine the hard-
templating synthesis of a range of iron and nickel based
monometallic and bimetallic nanoparticles (Ni;Fe, NiFe
and NiFe;) with similar morphology and textural parame-
ters and their use as tools to establish catalyst composi-
tion-activity correlations for CO, fixation. Effects of
reaction parameters on the product formation were
systematically studied. In addition, the alteration of the
catalyst post-reaction and the interaction of CO, with the
metal catalyst were studied for better understanding of
the reaction and its mechanism. We also explore whether
water can serve as a reductant under simulated hydro-
thermal vent conditions to generate CO, fixation prod-
ucts. All of the catalysts produced significant amounts of
formate, acetate and pyruvate at 100°C and 25 bar in the
presence of molecular H,. Bimetallic Ni—Fe alloys showed
superior activity and stability compared to their counter-
parts for CO, fixation. In addition, Ni and Fe nano-
particles were able to reduce CO, in H,O without the
addition of molecular H,. The findings contribute to
understanding of CO, fixation to metabolic intermediates
in hydrothermal vents.
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Results and Discussion

Since Ni—Fe metals exist in both hydrothermal vents and
in the active center of carbon monoxide dehydrogenase
(CODH) enzyme, a series of monometallic (Ni and Fe)
and bimetallic (NizFe, NiFe and NiFe;) oxide nano-
particles with similar morphologies and surface areas were
prepared by using tea leaves as a natural hard template.
The X-ray diffraction (XRD) pattern of pristine Ni and
Ni-rich samples showed the reflections corresponding to
NiO (Figure Sla). As Fe content is increased, reflections
of Fe,O; became more significant and only Fe precursor
formed solely Fe,O; phase, as expected. After the
reduction post-treatment with Ar/H, gas (90/10,
100 mL min') at temperature of 500°C, metal oxides were
reduced to their metallic forms without presence of any
noticeable oxide reflections (Figure S2a). The two reflec-
tions around 44.5° and 52° in the pure Ni sample
correspond to (111) and (200) planes of Ni metal,
respectively. Fe atoms easily dissolved in Ni lattice due to
their crystallographic similarity and atomic radius (0.163
and 0.126 nm for Ni and Fe, respectively).[*”! The incorpo-
ration of Fe atom into Ni structure leads to the expansion
of Ni lattice and shift of (111) reflection to lower 26
(Figure S2a). Nitrogen-sorption measurements of the
oxides and reduced samples are presented in Figure S1b
and S2b, respectively. The presence of hysteresis loop
indicates that Ni—Fe nanoparticles retain their interpar-
ticle porosity after the H,-reduction. BET surface areas of
oxides and reduced samples were found to be around 80
and 30 m?g"!, respectively. The H,-reduction at 500°C led
to a significant decrease in the specific surface areas. The
complete reduction of oxides to the corresponding zero
valent metals can result in sintering since most metals
agglomerates easily under elevated temperature condi-
tions. The increase in Fe content in the Ni—Fe alloys did
not significantly change the surface area. The morphology
and crystallinity of nanoparticles were further validated
by high-resolution transmission electron microscopy (HR-
TEM) (Figure S3). The TEM images show sintered nano-
particles with particle sizes of around 10-20 nm for all
samples. HR-TEM revealed highly crystalline NisFe par-
ticles with a d-spacing of 0.205 nm, which corresponds to
the lattice plane of NizFe (111). For NiFe and NiFe;, d-
spacing of 0.207nm and 0.206 nm were found, which
correspond to 111 planes of NiFe and NiFe;, respectively
(Figure S3d-f). Scanning electron microscopy with energy
dispersive X-ray spectroscopy (SEM-EDX) analysis and
elemental mapping of mixed alloy samples show homoge-
neous distribution of nickel and iron with the targeted
compositions (Figure S4).

After the structural and physicochemical character-
ization, catalytic abilities of Ni—Fe nanoparticles for CO,
reduction under mild hydrothermal vent conditions are
further studied by using a custom-made batch reactor that
is shown in Figure S5. Gaseous CO, is used as substrate
since it is considered to be the initial carbon source in
bacteria.***’! All the reactions mentioned in this study
were performed in an autoclave made of Mo—Ni contain-
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ing alloy. To observe any catalytic effect coming from the
experimental setup, several control experiments were
conducted in the absence of either the native metal
catalyst or CO, gas. None of the control reactions showed
any significant amount of product formation (Figure S6).
Among targeted products, formate and acetate were
detected with very low concentrations that were close to
the detection limit of high performance liquid chromatog-
raphy (HPLC). This small background was not taken into
account since the catalytically obtained formate and
acetate concentrations were much higher over the metal
catalyst.

The catalytic activities of synthesized Ni—Fe particles
were examined systematically. Standard solutions of
reference compounds, including the possible CO, reduc-
tion products, were analyzed by HPLC and 'H NMR
(Figure S7 and S8), and their corresponding retention
times are presented in Table S1. First, the impact of
catalyst composition on the product distribution of CO,
fixation was evaluated at the reaction temperature of
100°C under 25 bar gas mixture of 3:2 CO,:H, (Pyy, is
30 bar) for 24 h. Figure la displays the total product
concentrations obtained with HPLC over different cata-
lysts. All Ni—Fe alloys tested yield formate as main
product in concentrations varying between 38.7-55.5 mM
after 24 h. The existence of the targeted key products like
formate, acetate and pyruvate was also confirmed by 'H
NMR (Figure S9). High concentrations of formate are
expected in the aqueous phase since the formation of this
product is favorable for reactions performed in H,O
(AG=—-0.4 kJmol ") 1]

Although the highest formate amount was obtained
over Ni;Fe, the highest concentration of acetate (0.7 mM)
and pyruvate (0.1 mM) were attained over pristine Ni’
catalyst. The incorporation of Fe into Ni lattice structure
giving rise to the Ni;Fe alloy favors the formation of much
higher formate; however, further increase in Fe content
(NiFe and NiFe;) caused the decrement of the total
product concentration as seen in Figure 1a.

Evidently, Fe and Ni metals play different and
complementary roles in the alloys for CO, reduction
reaction. Yadav and Kharkara previously suggested that a
charge transfer from more electropositive Fe to Ni
strengths metal-carbon bonding by increasing electron
density on Ni.'” Another factor that plays a significant
role in the performance of Ni—Fe catalysts in CO,
reduction is the higher oxygen affinity of Fe compared to
Ni.[®l It has been proposed that Ni atoms can activate the
carbon while Fe sites facilitates H,O reduction to H, by
adsorbing 0,.") This goes in line with the biological
system where the reversible conversion of H, to protons
and electrons is catalyzed by [NiFe] hydrogenases.
Crystallographic studies on [NiFe] hydrogenases indicated
that both Ni and Fe centers involved dissociation of H, to
protons and electrons.” Difference between Ni and Fe
metals for CO, hydrogenation will be discussed in more
details below. Besides the liquid product analyses, gaseous
products of the reaction over solid catalysts after 24 h
were further analyzed by gas chromatography (GC),
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Figure 1. Product concentrations over Ni—Fe particles under 25 bar of
CO,+ H, gas mixture (CO,: H, ratio is 3:2) at 100°C for 24 h, based
on HPLC analyses (a). Product concentration comparison of Ni;Fe alloy
and physical mixtures of Ni with Fe and Fe,O; (b). Effect of NisFe solid
catalyst and leached species on formate formation (c). Error bars are
obtained from standard deviations of three independent reactions.

whereby CH, was detected as the main product over all
Ni-containing catalysts (Figure S10). The highest CH,
content (up to 0.25mM) was obtained over native Ni
metal catalyst (Figure S11) due to the known ability of Ni
for CO, methanation.’*> The amount of the CH,
formation decreased gradually with increasing Fe amount
and pristine Fe catalyst did not yield any CH,, which
further revealed different catalytic behaviors of Ni and Fe
for CO, fixation.
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To explore whether product formation was promoted
by alloying of Ni and Fe, three further experiments were
designed under the same reaction conditions, namely at
100°C and 25 bar for 24 h. The most active Ni;Fe alloy, a
physical mixture of native Ni and Fe in ratio of 3:1 and a
physical mixture of native Ni with Fe,O; (3:1) were used
as catalysts (total metal loading was kept as 1 M). As seen
in Figure 1b, while Ni;Fe alloy yields formate (55.5 mM),
acetate (0.2 mM) and pyruvate (0.04 mM) after 24 h, the
physical mixture of Ni with Fe yielded only formate and
acetate with lower concentrations (31.3 and 0.05 mM,
respectively). No acetate or pyruvate formation was
detected over the physical mixture of Ni and Fe,O;. Using
Fe,O; instead of metallic Fe resulted in a significant
decrease in product concentrations. This supports that Fe®
catalyst is more active than Fe,O; for the CO, reduction
under these experimental conditions. The catalytic differ-
ence between Ni;Fe alloy and the physical mixture of Ni
and Fe confirm that the interaction between Fe and Ni
resulted in a structural variation of active sites, leading to
a variation in the product selectivity.

A noticeable color change in the solution was
observed after the catalytic reaction over the NisFe
catalyst (Figure S12). In order to investigate the possible
leaching of metal species and their potential catalytic
contribution, the liquid reaction solution was analyzed by
inductively coupled plasma—optical emission spectrome-
try (ICP-OES) after reaction and subsequently filtration
of the solid catalyst. The solution after the reaction
presented 27 ugmL ™' Ni ions and 98 ygmL ™" Fe. Although
the Ni;Fe catalyst has higher content of Ni, the level of Fe
species in the reaction solution was almost four-fold
higher. In addition, reaction solution color was turned to
orange. This can be attributed to their standard oxidation
potentials. While the standard oxidation potential of Fe/
Fe’* is +0.44 V, this value is +0.23 V for Ni/Ni**.[**]
Therefore, the oxidation of metallic Fe is much easier in
H,0O compared to metallic Ni. To investigate the potential
catalytic role of these leached species, after 8 h of reaction
time, the solid catalyst was removed via hot-filtration
method and the reaction was continued for another 16 h
without any solid catalyst. As seen in Figure lc, the
contribution of leached species towards further formation
of formate is negligible compared to the solid catalyst,
which indicates that native metal forms of Ni—Fe alloys
are the active sites for CO, fixation instead of the leached
Ni and Fe ions. The implemented reaction temperature
and time scales bear upon the dynamic reaction in terms
of product concentrations and reaction intermediates
since the catalyst might undergo a structural change
during the catalytic reaction. A set of experiments was
carried out over native Fe and Ni catalysts with different
reaction times of 8 h, 24 h, and 168 h. The outcome is
illustrated in Figure 2. HPLC results showed that metallic
Ni promotes the formation of formate (5.8 mM), acetate,
and pyruvate after 8 h, while Fe° resulted in small amount
of formate (0.2 mM) and did not yield any acetate or
pyruvate. After 24 h of reaction time, formation of acetate
and pyruvate were detected over metallic Fe nanoparticles
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Figure 2. Time study for 8 h, 24 h, and 168 h over Ni and Fe metals
(25 bar CO,+ H, mixture (3:2 ratio) at 100°C). Error bars represent
standard deviations of three independent reactions.

and product concentrations were increased over Ni’
catalyst. However, further increase of reaction time to
168 h did not improve the product concentrations over Ni’
catalysts.

To reveal the effect of time on bimetallic catalyst,
NisFe, NiFe, and NiFe; were also exposed to long-term
reaction time of 168 h (Figure S13). With increasing the
reaction time, one would expect the enhancement of the
product concentration of CO, fixation because of the large
amount of CO, within the reactor vessel. However, this is
not the case for the system with Ni;Fe catalyst, which was
the most active catalyst after 24 h of the reaction time.
The reason might be attributed to the decomposition of
synthesized products or deactivation of the catalyst, which
will be further elaborated in detail in the below section of
post-reaction characterization. At high temperature con-
ditions, formic acid can be further decomposed to CO +
H,0 and CO,+H, via decarbonylation and decarboxyla-
tion reactions, respectively.”® Previous studies on formic
acid decomposition in gas and aqueous phases showed
that decarboxylation of formic acid to CO,+H, is more
favorable in water-containing reactions while the dehy-
dration of formate to CO is more favorable in the gas-
phase reactions.””’ In order to determine if formate
decomposes in H,O over Ni;Fe catalyst, an additional
experiment was performed at 100°C under Ar atmosphere
(25 bar) by using formic acid as a starting substrate. After
24 h of reaction time, 87 % of formic acid was converted,
and dissolved CO, could be detected in reaction solution
via HPLC analysis (Figure S14). Therefore, decarboxyla-
tion of formate over NisFe catalyst at 100°C—along with
the potential catalyst alteration—can be the reason of no
further enhancement of product concentrations after
168 h.
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The role of water and molecular H, for the CO,
fixation over nanostructured catalysts was further inves-
tigated. During the serpentinization process, H, is formed
from water reduction via the chemical oxidation of metal
sites of natural minerals.””’ During the oxidation of metals
in water, the hydronium ion is oxidized by the released
electrons and forms hydrogen radicals. As discussed
above, slight oxidation and leaching of Ni and Fe metals
into the reaction solution was confirmed by ICP-OES.
Therefore, the ability of selected catalysts (Ni, Ni;Fe and
Fe) to reduce CO, in H,0O without using molecular H, is
further studied under mild hydrothermal vent conditions,
25 bar of CO, at 100°C (P, is 30 bar). As shown in
Figure 3a, after the reaction time of 24 h, formate, acetate,
and pyruvate could be obtained over Ni’ and Ni;Fe
catalysts, while Fe” catalyst formed only formate. The
synergistic effect between Ni and Fe is also observed in
the reactions without starting molecular H,, where the
formate amount was more than doubled over Ni;Fe
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catalyst compared to its monometallic counterparts. This
activity is well-matched with the bimetallic active sites of
natural enzymes, which catalyze challenging multi-elec-
tron transfer reactions, such as CO, reduction and N,
activation.’®*! CO, activation on [NiFe] carbon monoxide
dehydrogenase is well established, where binding of CO,
on Ni—Fe centers results in direct electron transfer from
metal center (Ni) to the antibonding unoccupied orbital of
CO, and increase in negative partial charge at the oxygen
atom.”! Oxygen is then stabilized by binding to electron-
deficient Fe centers.!! Although the products obtained
are the same in molecular H,-added reactions, concen-
trations of products were much lower in the absence of
molecular H,, which supports that the reaction is H,-
dependent. On the other hand, it was found that, the
required H, for CO, reduction can be provided from H,O
splitting in the absence of molecular H,, as naturally
occurs in serpentinization process. The ability of the solid
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Figure 3. Concentrations of formate, acetate, and pyruvate obtained over Ni, NisFe, and Fe catalysts during the CO, reduction in H,O without the
addition of molecular H, under 25 bar of CO, at 100°C (a). Comparison of product concentrations at: different pHs under 25 bar CO, and

100°C (b), different temperatures under 25 bar of CO, (c) and different initial reaction pressures at 25°C (d) over the selected Ni;Fe catalyst for
24 h of reaction time. * ND: Not detected. Error bars are obtained from standard deviations of three independent reactions.

Angew. Chem. 2023, 135, 202218189 (5 of 10)

© 2023 The Authors. Angewandte Chemie published by Wiley-VCH GmbH

85UB017 SUOWILIOD AR 3|deot|dde 8y Aq pauenob 8Je sajoe YO ‘SN 0 Sa|nJ 10} Aiq1T8Ul|UO AB|I/W UO (SUO I IPUOD-PUR-SLLBIWI0D A8 1M AeIq1jeul [UO//Sdhy) SUORIPUOD pue W | 8U1 89S *[£202/90/20] Uo AreiqiTauliuo AB|iIM ‘HopRessenq elsieniun Aq 68T8TZZ0Z 86Ue/z00T OT/10p/wio0 A8 1M Areiqijeul|uo//sdny Wwolj pepeojumoq ‘2z ‘€202 ‘LGLETZST



GDCh
~~

NisFe catalyst to split H,O might have some similarities to
reactions of [NiFe] hydrogenases.”"®

Temperature, reaction pressure, and pH were varied
to explore their impact on product formation in the
absence of molecular H,. As seen in Figure 3b, pH of the
reaction significantly alters the product concentrations,
whereas lower concentrations are obtained over Ni;Fe
catalyst at higher pH values at 100°C. Neither acetate nor
pyruvate were obtained at pH 11. Although H,-dependent
CO, reduction is favorable under alkaline conditions, due
to the redox potential drop of H, to 2H™ at higher pH,**
Nis;Fe-catalyzed formate formation was decreased under
alkaline conditions. The possible reason for this trend is
that the carbonic acid equilibrium in water is highly
dependent on the pH of the solution. Dissolved CO, in
H,O can exist as carbonic acid, bicarbonate, and
carbonate according to the carbonic acid equilibrium.
Increasing pH shifts the carbonic acid equilibrium towards
bicarbonate and carbonate. Dissolved CO, exists as CO;*~
ion in solution with pH 11 and its conversion is more
challenging due to its resonance structure.®

The impact of reaction temperature was further
studied over the selected Ni;Fe catalyst, whereby it was
found that the decreasing reaction temperature from
100°C to 50 and 25°C under 25bar of initial CO,,
significantly increased the formate concentration after
24 h of reaction time (Figure 3c). However, no acetate or
pyruvate formation could be detected at lower temper-
atures. Low reaction temperature can be adverse for the
enhancement of reaction rate due to the kinetic barriers
of further conversion of acetate and pyruvate. Another
reason for higher formate amount at lower temperatures
might be the prevention of formate decomposition, which
occurs at higher temperatures as aforementioned. After
observing that formate could be obtained even at 25°C
and 25 bar of CO,, the effect of CO, pressure was further
investigated over NijFe catalyst at 25°C. As above-
mentioned, formate formation from CO, is exergonic in
aqueous media, but the limited solubility of CO, in water
under ambient conditions (Henry’s constant, Ky=
0.035Matm™ at 25°C) makes its conversion more
challenging.® Likely, the solubility of CO, can be
improved by increasing the initial partial pressure of the
gas since the dissolved gas amount in aqueous solutions is
proportional to the applied pressure according to Henry’s
law.] As seen in Figure 3d, increase of initial CO,
pressure from 25 bar to 50 bar almost doubled the formate
amount (from 2.6 mM to 5.21 mM). This result was
expected since the amount of CO, was increased in a
closed system, which caused the reaction equilibrium shift
to products according to Le Chatelier’s principle. How-
ever, further increase of CO, pressure to 75 bar and
100 bar did not change significantly the formate concen-
trations. Although dissolved gas amount increased in the
reaction solution at higher pressure, it might reach to a
saturation point with 50 bar of CO,. Furthermore, H, is
the limited reagent in these reactions due to the excess
amount of CO,. In addition, the excess amount of
dissolved CO, might alter the surface of the catalyst,
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which will be further discussed in below. Therefore, H,
production from H,O might be prevented by deactivation
of the active catalyst surface with high amount of
dissolved CO,. All in all, results from molecular H,-free
reactions prove the direct contribution of metal catalyst
on CO, fixation in H,O. Solid Ni—Fe particles can
selectively reduce CO, to acetyl-CoA pathway intermedi-
ates in the presence or even in the absence of molecular
H, in H,O. Our finding clearly shows that some reactions
of the naturally occurring serpentinization process can be
simulated in laboratory under mild hydrothermal vent
conditions. The catalytic survey indicated a clear composi-
tion-activity dependence of CO, fixation.

CO, temperature-programmed desorption (TPD) anal-
ysis can provide some insights about the interactions of
CO, with the surface of solid catalysts, as well as temper-
ature induced desorption profile of the CO, molecule. As
seen in Figure 4, TPD profiles of Ni and Ni;Fe show a
large amount of desorbed CO, at temperature values of
around 200 °C, which indicates the existence of moderate
interactions.[ CO, binding strengths on the Ni and Ni;Fe
look very similar, whereby a small shift to higher temper-
atures in the desorption signal of Ni;Fe was observed,
which hints an increase of binding strength of CO,. No
noticeable CO, desorption signal was observed above
200°C for Ni and Niz;Fe samples. Further addition of Fe
modifies the interaction of the alloys and their TPD
profiles, where an additional CO, desorption peak could
be observed around 600°C for NiFe and NiFe; samples,
similar to pristine metallic Fe. Moreover, the amount of
desorbed CO, at lower temperature decreased strongly
for metallic Fe catalyst. Two distinct desorption peaks
were observed at the temperature range of 500-700°C,
which indicates CO, species strongly bonded to the sur-
face of Fe."”! This kind of strong adsorption on the iron
sites does not favor high catalytic conversion rates of CO,
reduction, as seen from the catalytic survey of CO,

NiFe

TCD Signal (arb. units)

! - P -
o T purion i R g

T T T T T T
100 200 300 400 500 600 700

Temperature (°C)

Figure 4. CO,-TPD profiles of Ni°, Ni;Fe, NiFe, NiFe; and Fe’ in the
temperature range of 50-750°C.
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fixation over pristine Fe catalyst (Figure 1a). This could
also cause strong alteration and deactivation of catalyst.
On the other hand, combination of Fe with the Ni
suppresses the presence of strong interactions at high
temperatures for Ni;Fe sample that shows the highest
catalytic activity for the CO, conversion. To validate that
the desorbed CO, peaks are solely originated from the
introduced CO, during the measurements, a blank experi-
ment was performed with NiFe; sample since it shows
both weak and strong desorption peaks. For the blank
test, the sample was subjected to the same protocol of
analysis, but substituting the CO, gas flow by He. After
heating the sample up to 750°C, no noticeable desorbed
species could be detected in the blank TPD test (Fig-
ure S15).

To investigate the metal catalysts alteration after the
reaction, all the materials were further characterized by
XRD and FTIR, and results are presented in Figure S16.
XRD patterns of post-reaction catalysts prove the for-
mation of crystalline FeCO; for all Fe-containing catalysts
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whereby no NiCOj; formation was observed. The intensity
of FeCO; (siderite) reflection rises with increasing Fe
ratio within the catalyst. While there was not any change
in monometallic Ni, Fe catalyst was almost completely
converted to FeCO; after 24 h. The existence of FeCO,
was further confirmed by FTIR analysis for all bimetallic
Ni—Fe catalysts where the sharp peak around 880 cm™'
and broad band around 1450 cm™' can be assigned to the
CO;* bending and asymmetric stretching of CO;™,
respectively (Figure S16b).[*! The highest CO;>~ band
intensity was observed for pristine Fe sample, which even
changed its color to green/gray after the reaction (Fig-
ure S17). Previously reported DFT calculations on the
comparison of CO, adsorption on Ni and Fe metals
suggested stronger CO, chemisorption on Fe surface than
Ni surface.’) Our CO,-TPD results of Ni and Fe metals,
which suggested strong binding of CO, over Fe catalyst,
are also consistent with the post-reaction characterization
results. The strong binding of CO, on Fe catalyst
deactivates its surface after 24 h and, therefore, the
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Figure 5. TEM image (a), N,-sorption isotherm (offset: 50 cm’g™") (b), STEM image and EDX elemental mapping (c), and XPS spectra of Ni 2p (d)
and Fe 2p (e) of NisFe catalyst after the reaction under 25 bar CO,+ H, (3:2 ratio) at 100°C for 24 h.
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obtained product concentrations were much lower over
monometallic Fe. In addition, on the basis of these
experimental results, it can be proposed that the con-
version of Fe to FeCO; and dissociation of water provide
extra H, to the system following below Equations:™"

CO; gy = COs ug) 1
CO; 4 + H,O (1) = HCO; (aq) + H' (aq) 2)
Fe , +2H'(aq) = Fe’"(aq) + H,(g) 3)
Fe(,) + COyy) + H,0( — FeCOy) + Hy, 4)

This further illustrates the ability of water for provid-
ing protons and forming hydrogen that can react with CO,
to form carboxylic acids in the absence of starting
molecular hydrogen in a closed reactor system. Further-
more, the existence of siderite (FeCO;) after the reaction
matches well with the existence of siderite in sediments
close to hydrothermal vents.V Since Ni;Fe shows the
highest concentrations of targeted products, it was further
characterized in detail after the catalytic reaction under
25 bar of CO,+H, at 100°C for 24 h. As seen in TEM
image in Figure 5a, the morphology of the catalyst has
been altered dramatically after 24 h of reaction time under
pressurized CO,. The initial nanoparticles morphology
(Figure S3a) was transformed into small nanoparticle
supported nanosheet structure. The alteration of the
morphology also affected the BET surface area and
hysteresis loop of Ni;Fe after the CO, reduction reaction
(Figure 5b). The BET surface areca of NisFe catalyst
increased by two-fold, from 31 to 64 m*g™". In addition,
STEM image and elemental mapping of Ni;Fe showed the
significant change of the morphology and the Ni to Fe
ratio after the catalytic reaction (Figure 5c¢). The leaching
of iron matches well with previously mentioned ICP-OES
result of the reaction solution (Figure S12). The surface
alteration of the NisFe catalyst after reaction could also
be confirmed by X-ray photoelectron spectroscopy (XPS)
analysis, as shown in Figure 5d. Ni 2p spectrum does not
show any remaining metallic Ni on the surface after the
reaction time and Fe 2p spectra shows mainly Fe*" species
(Figure 5d and e). Although the bulk analysis of Ni;Fe did
not show any oxidation product of Ni, XPS result
indicates that the surface of the catalyst is oxidized after
24 h due to the aqueous reaction conditions. All results
from post-reaction characterization of Ni—Fe catalysts
indicate that Ni did not show significant change in terms
of the bulk structure while Fe mostly converted to FeCOj;.
Therefore, it can be proposed that Ni functions as main
catalytic active sites for CO, hydrogenation to form key
metabolic intermediates.

Conclusion

The reduction of CO, to prebiotically crucial organic
compounds such as formate, acetate, pyruvate, and
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methane, in mM ranges, over Ni—Fe nanoparticles pro-
ceeds readily under simulated hydrothermal vent condi-
tions. Our findings showed that Ni—Fe alloys, which exist
in both active centers of hydrogenase enzymes and in
hydrothermal vent minerals, can convert inorganic CO,,
H,, and H,O to biologically important small organic
compounds. Bimetallic Ni;Fe showed the superior per-
formance compared to its counterparts Ni and Fe metals.
This trend is similar to active sites of CODH enzyme.
Different compositions of Ni—Fe alloys were also exam-
ined since they exist in hydrothermal vents with diverse
compositions. The highest yield of formate, acetate, and
pyruvate was obtained with the 3:1 ratio of Ni to Fe after
24 h reaction. Targeted products were obtained with or
even without the addition of molecular H,. In the absence
of molecular H,, H,O acted as an electron donor,
providing hydrogen that could further react with CO, over
the nanostructured metal catalysts. Post-reaction charac-
terization indicated that catalysts undergo surface and
structural alteration, and iron carbonate formation could
be detected for all iron containing samples. Under
simulated hydrothermal vent conditions, Ni was found to
act as the main catalytic site for CO, fixation and had
much better stability towards oxidation and carbonate
formation compared to native Fe nanoparticles. Hydro-
thermal formate is used as a growth substrate for some
microbes that inhabit vent effluent. The laboratory
reactions we report here might shed light on the source of
that formate in natural systems.
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