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p-amino acids, found in excess in a minority of organisms and crucial for
marine invertebrates, contrast with the more common L-amino acids in most
life forms. The local prebiotic origin of b-amino acid enantiomeric excess in
natural systems remains an unsolved conundrum. Herein, we demonstrate the
formation of enantiomeric excess (ee) p-amino acids through photocatalytic
reductive amination of a-keto acids on natural pyrite. Various amino acids with

ee values in the range of 14.5-42.4%, are formed. The wavy arrangement of
atoms on the surface of pyrite is speculated to lead to the preferential for-
mation of p-amino acids. This work reveals the intrinsic asymmetric photo-
catalytic activity of pyrite, which could expand understandings on mechanism
of asymmetric catalysis and chirality of inorganic crystals. Furthermore, it
provides a plausible pathway for the prebiotic formation of p-amino acids,
adding further evidence to the origin of p-amino acids enantiomeric excess in

natural systems.

In the majority of living organisms, L-amino acids dominate as the
primary building blocks of proteins and polypeptides' (Supplementary
Fig. 1a). It is widely accepted that the excess of L-amino acids would be
initially formed prebiotically, and subsequently, their concentration
would be increased due to a shift in equilibrium that favors the pro-
duction of -amino acids, resulting in their overabundance® For the
initial formation of excess of L-amino acids, there are many factors on
the primitive Earth that lead to chiral bias, including circularly polar-
ized light>, geomagnetic fields*, vortices’, chiral mineral surfaces®™’,
and chiral substances carried by extraterrestrial meteorites'*". The
chiral biases produced by these naturally occurring chiral factors can
be further enhanced through chiral amplification, a phenomenon that
is possibly exemplified by the Soai reaction' and the chiral amplifica-
tion process during amino acid crystallization”. The studies men-
tioned above provide a reasonable hypothesis for the origins of life on
Earth. The random p-amino acids enrichment could be initiated by
chiral bias®™ or as a remnant from the prebiotic formation of 1-
peptides™ if the reaction starts from a racemic or near-racemic solu-
tion. However, it remains a question why a minority of organisms

exhibit an enantiomeric excess of p-amino acids following extensive
chiral selection and amplification of L-amino acids on primitive Earth.

On the other hand, enantiomeric excess p-amino acids have
recently been discovered in various minority of organisms and play
important physiological roles”**(Supplementary Fig. 1b). A large
number of free p-amino acids, including p-serine (Ser), p-alanine (Ala),
p-proline (Pro), p-Glutamic Acid (Glu), p-Aspartic Acid (Asp), etc., were
found in some bacteria, among which the ee values of p-Ala in Lacto-
bacillus sake, Lactobacillus delbrueckii and Lactobacillus curvatus
reached 18.4, 27.0 and 58.0%, respectively, and the ee value of p-Asp in
Brevibacterium linens was 20.6%". The ee values of free p-Ala and p-Asp
can reach up to 29 and 40% in the tissues of certain marine
invertebrates?®”. These p-amino acids act as crucial osmolytes for
intracellular osmoregulation, participating in the regulation of osmo-
tic balance against salinity changes”*. In the pupae of silkworms and
other species of the order Lepidoptera p-Ser with 30% ee was detected®.
In the -amino acid-dominated biological world, trace amounts of b-
amino acids are known to function as neurotransmitters in animals and
humans, and alterations in their metabolism may be linked to the
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pathogenesis of various diseases”. Therefore, p-amino acids in these
organisms are regarded as potential products of racemase activity or
metabolites produced by the organisms themselves®, with their bio-
logical sources in mammals being extensively reported””*. However,
the evidence supporting the prebiotic origin of enantiomeric excess of
the p-amino acids in the ecosystem of modern life with low random
factors has not been investigated (Supplementary Fig. 1b).

Herein, our approach is to explore the photocatalytic synthesis of
enantiomeric excess p-amino acids on the surface of natural minerals
for investigating the possible origin of b-amino acids in natural systems
(Fig. 1, Supplementary Fig. 1b and Supplementary Dataset 1). It is well
known that hydrothermal systems, found on land or underwater where
geothermally heated water discharges, are considered potential
environments for the emergence of life, especially in deep-sea vents
and shallow-sea hydrothermal vents, with fluids enriched in transition
metal elements, H,S, NH5, CO,, CO and etc.’. Iron, the most abun-
dant element among all transition metals, is initially predicted to form
ferrous hydroxide, which undergoes sulfidation to subsequently form
ferrous sulfide. This compound is then oxidized by H,S to produce
pyrite*>*. Pyrite, recognized as the most common sulfide mineral
(cubic FeS,), is widely distributed in marine systems and on the pri-
mitive Earth’s surface®, occurring not only as rock deposits but also as
small particles (0.01-0.2 mm) within volcaniclastic sediments that are
dispersed in seawater®>>°, The pyrite crystal is known to have S-S bonds
as an asymmetric factor*, evidence for either chirality or enantios-
electivity of pyrite has not been revealed yet, even though it is not a
crystal with a chiral space group. Due to its suitable band gap for the
generation of photoelectrons (e7)**%, pyrite could potentially function
as a semiconductor photocatalyst®**° when exposed to the Earth’s
surface or shallow water layers®.

Pyruvic acid and other a-keto acids have been suggested to be a
key intermediate in the prebiotic reduction and fixation of CO, via the
reductive tricarboxylic acid (rTCA) or acetyl-CoA pathways**2. Reduc-
tive amination of pyruvic acid to form Ala has been observed on
mineral surfaces under simulated hydrothermal vent conditions®.
Here, photocatalytic reductive aminations of a-keto acids were selected

Natural Pyrite

Fig. 1| Schematic illustration of investigation strategy for the formation of p-
amino acids on natural pyrite. The adsorption energies of L-amino acids (L.-AAs)
and p-amino acids (p-AAs) on the surface of pyrite were labeled as Eq4s ,-aas and Eqgs

to investigate the enantioselectivity of the prebiotic synthesis of amino
acids on the natural pyrite, as the last and crucial step to generate chiral
centers of amino acids. The reductive amination reaction starts with a
condensation step during a-keto acids react with ammonia, forming
the corresponding imine, and then the imine is reduced by photo-
electron (€ on the pyrite surface to the amino acids*'. The various p-
form enantiomeric excess amino acids would be formed due to the
different adsorption energy (£,4s) of antipodal amino acids on the wavy
arrangement of atoms on the surface of pyrite.

Naturally occurring samples of pyrite crystals from the England
pyrite mine were acquired from Alfa Aesar (China) Chemical Co. Ltd.
The natural pyrite was meticulously ground and sieved to achieve
uniform dispersion in the reaction solution, which included a-keto
acids and ammonia. To mitigate potential interference from microbial
biochemical activities during the reaction process, the ground pyrite
underwent sterilization using UV irradiation in an inert atmosphere.
Furthermore, all reaction vessels were boiled in distilled water to
guarantee sterility.

Results and Discussion

Characterization of natural pyrite

Single crystal X-ray diffraction (SCXRD) analysis of natural pyrite
reveals a cubic crystal structure with space group Pa-3 and lattice
parameters of a =5.4186 nm (Fig. 2a and Supplementary Dataset 2). As
shown in Fig. 2b;, the natural pyrite is similar to a NaCl-type crystal
structure, in which Fe atoms are located at both the vertices and face-
centered points of the cube. Specifically, S,> groups replacing Cl atoms
are located at the edge and body-centered positions, and the
arrangement of dumbbell-shaped S,* groups reduces the symmetry of
the crystal. Due to the low symmetry, the pyrite crystal is considered to
possibly exhibit chirality**, even though it is not a crystal with a chiral
space group.

As shown in Fig. 2b,, a wavy arrangement of Fe atoms and S atoms
on the (200) crystal surface is observed. A wide-angle powder XRD
pattern (Supplementary Fig. 2) of crushed natural pyrite used in pho-
tocatalysis shows that the reflections can be well indexed to the pure

Nk,
=2/ 8
® oo

Enantiomeric
excess D-AAs

»AAs Fespectively. The valence band and conduction band of natural pyrite were
labeled as VB and CB, respectively.
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Fig. 2 | Morphology and structure of natural pyrite. a SCXRD pattern of natural
pyrite. by Crystal structure of natural pyrite. b, Atomic model of (200) with a wavy
arrangement of Fe (pink spheres) and S (blue spheres) atoms. ¢ SEM image of crushed

natural pyrite and optical photograph (in set) of original natural pyrite particles.
d TEM image and SAED image (in set) of natural pyrite, displaying mostly exposed
crystal faces of {111}, {200}, and {220}. Source data are provided as a Source Data file.

cubic phase of FeS, (JCPDS Card No. 42-1340). In the reflections of all
samples no additional peaks for other mineral impurities were observed.
Scanning electron microscopy (SEM) image (Fig. 2c) of the sample
obtained by crushing natural pyrite (inset of Fig. 2c) shows irregular
morphology of pyrite crystals with sizes ranging from -2 to ~-10 um.

The high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) has been employed (Supplementary
Fig. 3). Due to the high sensitivity of HAADF-STEM to the atomic
numbers, it can be expected that Fe atoms could be observed with
higher intensity (brightness). The 4-fold symmetry can be recognized
from most parts of samples, suggesting the [001] axis. The transmis-
sion electron microscopy (TEM) images of natural pyrite show the
single crystalline feature of the mineral particles (Fig. 2d and Supple-
mentary Fig. 4), in which the crystal surfaces are labeled in the per-
pendicular direction of the particles. The top and bottom surfaces of
the particles, as well as the inclined crystal surfaces, could not be fully
assessed. Judging from the corresponding crystal morphology and the
selected area electron diffraction (SAED) pattern, all exposed crystal
faces can be assigned to the low-index lattice, among which {111}, {200},
and {220} were mostly observed. This finding suggests that these three
crystal surfaces are exposed in most natural pyrite particles.

Photocatalytic reductive amination of a-keto acids on

natural pyrite

Crushed particles of natural pyrite were dispersed through ultra-
sonication in solutions containing a-keto acids and ammonia.

Subsequently, the mixture was exposed to Xe lamp irradiation to
produce various amino acids. The reactions took place in a closed
double-walled reactor with a quartz glass window allowing the passage
of incident light (Supplementary Fig. 5). Pyruvic acid (mw: 88.06), 4-
methyl-2-oxovaleric acid (mw: 130.14), 2-ketoglutaric acid (mw: 146.10)
and 3-phenylpyruvate (mw: 164.16) were selected as the substrates of
Ala, isoleucine (lle), Glu and phenylalanine (Phe) in the sequence of
increasing molecular weight. Pyruvic acid was selected as the model
substrate to evaluate the feasibility of the photocatalytic reductive
amination of a-keto acids on natural pyrite (Supplementary Fig. 6-10
and Supplementary Table. 3-4). Optimized reaction conditions were
established, the 2 ml water containing 40 umol of a-keto acids, 4 mmol
of ammonia and 10 mg of natural pyrite, with irradiation of a Xe lamp
at 20 °C for 24 hours.

As shown in Fig. 3a, Ala, lle, Glu, and Phe with yields of 713, 555,
395, and 23 nmol were synthesized from photocatalytic amination of
corresponding a-keto acids, respectively. The yield of amino acids is
decreased briefly with increasing molecular weight of corresponding
a-keto acids, which would be related to the solubility of their sub-
strates. The solubility of pyruvic acid, 4-methyl-2-oxovaleric acid,
2-ketoglutaric acid and 3-phenylpyruvate are ca. 44, 27, 10, and
<0.01g/100 g water, respectively.

The ee value of amino acids produced with natural pyrite was
determined by high-performance liquid chromatography-tandem
mass spectrometry (HPLC-MS) after derivatization by N-(5-fluoro-2,4-
dinitrophenyl)-L-leucinamide (.-FDLA). To eliminate the chiral bias of
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Fig. 3 | Formation of various amino acids through the photocatalytic reductive
amination of corresponding a-keto acids on natural pyrite. a Yields of various
amino acids (Ala: alanine, lle: isoleucine, Glu: glutamic acid, Phe: phenylalanine).

b ee values of p-amino acids corresponding to Fig. 3a. The detailed results of each
repeated experiment are listed in the Supplementary Information (Supplementary
Table 5). ¢, d HPLC-MS of Ala and Glu obtained from the photocatalytic reduction of
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pyruvic acid and 2-ketoglutaric acid, respectively. Reactions were carried out with a
composition of 40 umol a-keto acids, 4 mmol ammonia, 2 ml H,O and 10 mg nat-
ural pyrite, and with irradiation of a Xe lamp at 20 °C for 24 hours. Error bars
represent the standard deviations calculated from three independent photo-
catalytic experiments. Source data are provided as a Source Data file.

the L-FDLA derivatization method for amino acid enantiomers, all ee
values were corrected using the corresponding standard curve (Sup-
plementary Fig. 11). As shown in Fig. 3b, Ala, lle, Glu, and Phe with 15.8,
14.5, 42.4 and 15.5% ee values of p-form were synthesized, respectively.
The ee values of p-amino acids produced on the surface of pyrite are
similar to those observed in certain marine invertebrates’” and
bacteria”. Figure 3c and d show the HPLC-MS spectra of Ala and Glu
obtained from natural pyrite. The retention time of L-Ala and p-Ala were
approximately 4.80 and 6.41 min, and the retention time of L-Glu and p-
Glu were approximately 3.92 and 4.32 min, respectively (Others were
shown in Supplementary Fig. 12).

To further mitigate the chiral effects caused by both the vortex*’
and the magpnetic field generated and introduced by the magnetic
stirrer, the photocatalytic reaction was carried out without stirring.
Manual shaking was employed instead of magnetic stirring. As antici-
pated, the yield was lower than that of experiments with stirring due to
the ineffective dispersion of catalysts, while the enantiomeric excess
(ee) value of the product was similar to that of the reaction under
stirring (Supplementary Table 4). This result indicates that the enan-
tioselectivity of the products was not influenced by the chiral effects of
the vortex generated by stirring and the magnetic field of the stirrer.
Other potential sources of chirality were also excluded through a
series of control experiments (Supplementary Tables 6-7 and Supple-
mentary Figs. 13-15).

Temperature-programmed desorption (TPD) of antipodal
amino acids on natural pyrite

Enantiospecific interactions between chiral molecules and chiral sur-
faces manifest as differences in adsorption energies™. To investigate
the enantioselective mechanism of the pyrite surface, the adsorption

energies of amino acids on natural pyrite surfaces were studied
through TPD approach. As shown in Fig. 4a, the desorption peak for p-
and L-Ala appeared at ~297 and ~280 °C, respectively. Similarly, the
TPD peaks of b- and L-Glu appeared at ~499 and ~488 °C, respectively
(Supplementary Figs. 16 and 17). The desorption temperatures of the p-
form were consistently higher than those of the .-form, indicating that
p-amino acids adopt a more stable adsorption conformation on the
pyrite surface than L.-amino acids. Consequently, p-amino acids require
higher energy for desorption than L-amino acids. Thus, the enantios-
electivity of p- and L-amino acids on the pyrite surface was experi-
mentally validated through differences in adsorption energies.

Density functional theory (DFT) calculations for the enantios-
electivity of Ala on the surface of natural pyrite
DFT calculations of the adsorption energies of b- and L-Ala on various
crystal surfaces was performed to investigate the mechanism under-
lying enantioselectivity on the surface of pyrite (Supplementary
Dataset 3). The 3 d orbitals of Fe atoms in pyrite split into two groups:
t5¢ (dxy, dxz, and dyz) and ez (dz, and dx»-y,), forming the valence band
(VB) and conduction band (CB), respectively***°. The CB (t,,) is entirely
occupied by six 3d electrons of Fe* cations, resulting in the non-
magnetic ground state of pyrite*’~*°. Therefore, the calculations have
been carried out without spin polarization. To avoid the impact of
amino acids orientation on binding energy in the adsorption models,
both p- and L-amino acids were randomly positioned at three different
locations in all adsorption models (using p- and L-Ala as examples, see
Supplementary Figs. 18 and 19).

Figure 4b shows the adsorption energies of p- and L-Ala on the
(111), (200) and (220) surfaces (Supplementary Table 8). The adsorp-
tion energies of Ala on the (200) and (220) surfaces were lower than
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Fig. 4 | Adsorption energies of p- and L-alanine (Ala) on natural pyrite surface,
studied by TPD and DFT calculations. a TPD profiles of p- and L-Ala on the natural
pyrite surface. b The comparison of adsorption energy differences between b- and

L-Ala on different crystal surfaces. c-e The adsorption models of p- and L-Ala on the
various crystal surfaces: (111), (200), and (220). The adsorption energy was labeled
as E4qs. Source data are provided as a Source Data file.

that on the (111) surface, indicating that the adsorption effect of Ala on
the (200) and (220) surfaces is stronger than on the (111) surface. The
same trends of Eugs p-ala <Faas -ala SUggest that p-Ala adsorption is
energetically favored over the L-Ala on the pyrite surface. Specifically,
on the (200) crystal surface with a wavy arrangement of Fe atoms and S
atoms, the adsorption energy difference between p-Ala and r-Ala
molecules is maximized. With p-Ala displaying a lower adsorption
energy and a more stable adsorption configuration, thereby indicating
a favorable affinity with natural pyrite compared to L-Ala. The differ-
ence of adsorption energy was explained by adsorption behaviors of
Ala as shown in Fig. 4c-e, in which the oxygen atoms of -C=0 and -OH
in -COOH of Ala are denoted as O; and O,, respectively.

As shown in Fig. 4¢, on the (111) crystal surface, the position of the
S atom on the topmost layer makes it challenging to establish an
effective coordination interaction with the Ala molecule. The

adsorption energies E,4; for p-Ala and L-Alawere -0.988 and —0.982 eV,
respectively, indicating the weakest adsorption capacity for Ala. The
distance between the molecule and the crystal surface is relatively
large (>3.6 A), providing evidence of a higher adsorption energy and an
unstable adsorption effect.

On the (200) surface (Fig. 4d), two oxygen atoms of the carboxyl
group in Ala are adsorbed onto two adjacent Fe atoms arranged in a
wavy pattern along the b-axis, with Fe--O; = 2129 A and Fe--0,=2.022 A
in p-Ala and Fe--0; =1.989 A and Fe--0,=2.200 A in -Ala, respectively.
The distances from the carboxyl group to the crystal surface are similar
in p- and L-Ala, while the distances between amino group with Fe atom
are significantly different. The Fe-N=2.124 A and 3.594 A in p- and -
Ala, respectively, due to the smaller steric hindrance of p-Ala observed
from the adsorption configuration. The interaction between amino
group with Fe atom in L-Ala is significant weaker than that in D-Ala, due
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to the greater steric hindrance caused by the H atoms at C,, which
results in the adsorption energies of p-Ala lower than t-Ala, with Eg; .-
Ala=-2.273eV and E4 ,-a1a=-2.011eV, respectively. On the (200)
surface, the adsorption energies of Ala are lower than on (111). The
above results indicate that the wavy arrangement of Fe atoms on the
(200) surface provides a stronger affinity and enantioselective inter-
action with chiral amino acids.

On the (220) surface, oxygen atoms adsorb onto two adjacent Fe
atoms, arranged in a straight line along the b-axis (Fig. 4e), with Fe--
0;,=1935A, Fe-0,=2304A and Fe-N=4.834A in p-Ala and Fe--
0:=1945 A, Fe--0,=3.692 A and Fe--N=3.969 A in L-Ala, respectively,
which resulted in similar Egg pala=—2.232 €V and E g5 .41 = —2.087 €V,
respectively. These adsorption energies are similar to that on (200)
due to similar adsorption behaviors of Ala with Fe atoms. The differ-
ence between these adsorption energies is smaller than that on (200).
Although the Fe atoms are arranged in a straight line, the surrounding
S atoms with a wavy arrangement, leading to a weaker enantioselective
interaction with chiral amino acids on (220) surface.

The adsorption energies of p- and 1-Ala on (211) observed in TEM
(Fig. 2d) were calculated to be E, s p-ala and Eggs ,-a1a Of —2.261 €V and
-1.923 eV, respectively (Supplementary Fig. 20). Although both p- and
L-Ala were adsorbed on the (211) crystal surface trough a single oxygen
atom, with Fe--O; =1.943 A in p-Ala and Fe--0,=1.975 A in L-Ala, leading
to an evidently enantioselective interaction with chiral amino acids on
(211) surface.

The above results suggest that the wavy arrangement of Fe atoms
on crystal surfaces plays a crucial role in the enantioselective adsorp-
tion of amino acids. This simulation reasonably explains the excessive
production of p-amino acids on the surface of pyrite. These results
fundamentally elucidate that the enantiomeric excessed formation of
p-amino acids on natural pyrite is a consequence of the inherent
atomic arrangement on pyrite crystal surfaces.

DFT calculations for the different ee values of Ala and Glu
formed on (200) surface

To comprehend the formation of Glu with a higher ee value than Ala,
we employed DFT calculations to assess the Gibbs free energy for each

formation pathway (Supplementary Dataset 3). The (200) crystal sur-
face was selected as the model due to its demonstrated effective
enantioselectivity, as confirmed above (Fig. 4b).

Fig. 5a; and b; show pathways for Ala and Glu formation (Sup-
plementary Dataset 1) based on the mechanism of photocatalytic
synthesis for amino acids*‘. Pyruvic acid and 2-ketoglutaric acid reac-
ted with ammonia, forming the corresponding imines, and then the
imines were reduced to form Ala and Glu, respectively. Fig. 5a, and b,
show the Gibbs free energy profiles for the intermediates in two
pathways (Supplementary Table 9), respectively. The reduction of
imine to corresponding amino acids was the crucial stereoselective
step. The difference in Gibbs free energies for the formation of p- and -
Glu on (200) surface is 0.869 eV significantly higher than that of
0.344 eV difference in p- and 1-Ala (Supplementary Tables 10 and 11),
which accounts for the higher enantioselectivity in the formation of
Glu on the pyrite surface than Ala.

These differences can be explained in the terms of adsorption
behaviors of Ala and Glu on natural pyrite surface. The two -COOH
groups in antipodal Glu are adsorbed on the (200) surface with two
non-adjacent Fe atoms in similar way. The distances are Fe--
0,=2.012 A and Fe--0,=2.005 A in p-Glu and Fe--O; =2.007 A and Fe--
0,=2.015 A in L-Glu, respectively (Fig. 5b; and Supplementary Fig. 21).
On the other hand, the distances between the amino group and Fe
atom are Fe--N =2.056 and 4.060 A in p- and L-Glu adsorbed on pyrite
surface, respectively (Supplementary Table 12). The differences of
distance between amino groups of antipodal Glu and Fe atoms is
2.004 A much larger than that 1.470 A of Ala (Fig. 5a5), corresponding
to differences in their enantioselectivity. Based on the theoretical
calculations, it is hypothesized that the higher ee value of Glu than Ala
might be due to the dual -COOH groups of Glu making its enantiomeric
adsorbate configurations more different from one another than the Ala
configurations.

In summary, a variety of biologically relevant amino acids with
enantiomeric excess of the b-form were prebiotically photo-
synthesized on the natural pyrite surface, unaffected by chiral envir-
onments such as vortices or magnetic fields. According to DFT
calculations, the wavy arrangement of atoms on the surface of pyrite
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Fig. 5 | DFT calculations for the enantioselective formation of alanine (Ala) and
glutamic acid (Glu). a; Pathway of Ala formation from pyruvic acid and NH;. a,
Gibbs free energy profile of the intermediates for the formation of p-/.-Ala on (200)
surface of natural pyrite. a; Calculated models for Ala enantiomers on pyrite crystal
surface (200). b, Pathway of Glu formation from 2-ketoglutaric acid and NHs. b,

Gibbs free energy profile of the intermediates for the formation of b-/t-Glu on (200)
surface of natural pyrite. b; Calculated models for Glu enantiomers on pyrite crystal
surface (200). The Gibbs free energy was labeled as AG. Source data are provided as
a Source Data file.
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was speculated to lead to the preferential formation of p-amino acids,
attributed to their stronger affinity resulting from smaller steric hin-
drance in the adsorption structure compared to L-amino acids, which
led to the lower adsorption energies of the p-form compared to their
enantiomers. Intrinsic enantioselectivity of pyrite surfaces originating
from S-S bonds in lattices was revealed in our work, which reveals
source of inorganic chirality other than chiral space group and chiral
nanostructure. Based on this discovery, it can be further concluded
that there is one of possible p-amino acids scenario that p-amino acids
independently evolve on pyrite surfaces generated from hydrothermal
vents, while L-amino acids become major species on the primitive
Earth. The work provides the alternative possibility of explaining the
origin of p-amino acids in modern life with fewer random factors
involved.

Methods

Morphology and structural characterizations of the catalyst
SCXRD data were collected at 295K using Cu-Ka radiation
(1=1.54178 A) from a fine-focus sealed tube operating at 50 kV and
50 mA on a BRUKER D8 VENTURE diffractometer equipped with a
PHOTON II detector.

Powder XRD patterns were recorded on a Rigaku MiniFlex 600
powder diffractometer equipped with Cu Ka radiation (40 kV, 15 mA),
at a rate of 0.2° min™ over the range of 20-80°.

SEM was conducted on a JEOL JSM-7100F electron microscope
operating at 2 kV.

HRTEM images were obtained using a JEOL model JEM-2100F
operated with a field-emission gun at 200 kV. Aberration-corrected
scanning transmission electron microscopy (AC-STEM) was performed
using a probe-corrected Hitachi HF5000 S/TEM, operating at 200 kV.
The instrument was equipped with bright field (BF), HAADF and sec-
ondary electron (SE) detectors for high spatial resolution STEM ima-
ging experiments.

TEM images were taken with a JEOL JEM-F200 TEM microscope
operated at 200 kV. Images were recorded using a Gatan OneView IS
camera.

Photocatalytic reductive amination on pyrite

Millipore water used in all reactions was fed N, for 30 minutes to
remove oxygen. Pyrite powder was added to the photocatalytic c with
a quartz light window and a temperature-controlled water bath. Then
the reactor was deoxygenated by purging N, for 10 minutes, after that
the mixture of pyruvic acid (40 pmol) and NH3+H,0 (0.28 ml, 28% wt)
in 2ml Millipore water was injected into the reactor. The reaction
liquid is irradiated by a 500 W xenon lamp (SOFN Instruments CO., Ltd.
7ILX500) through the quartz light window for a certain time at 20 °C,
the average light intensity irradiated on the photoreactor was ca.
180 mWcm™The precipitates were removed by cooling and
centrifugation.

Finally, the solution was lyophilized to remove water. The yields of
amino acids were analyzed by amino acid analyzer (Supplementary
Tables 1and 2). The purified product was derivatized by L-FDLA before
separation by HPLC-MS. To derivatize amino acid compounds, the
product was dissolved in 500 pl of DI water, and then 50 pl of an
aqueous solution was mixed with 20 pl of 200 mM sodium bicarbonate
and 20 pl of 1% L-FDLA in acetone. The mixture was incubated at 37 °C
for 30 min. After returning to room temperature, 200 pl of methanol
was added to the sample, and the impurity was centrifuged (8049 g,
10 min). The sample was kept in a dark condition.

HPLC-MS analysis was performed by using an Acquity UPLC &
XEVO G2-XS QTOF (Waters, United States) equipped with a UPLC
column (Acquity UPLC HSS T3 1.8 pm, 2.1¥100 mm). The detection of
samples was conducted in positive ESI mode, and the function type
was TOF-MS with a mass range of 200-600. Then, a 0.1 pl sample was
injected and eluted using mobile phase A (0.1% mass concentration of

formic acid aqueous solution) and mobile phase B (acetonitrile) at a
flow rate of 0.35 ml/min. The programmed mobile phase gradient was
as follows: 0.00-1.00 min, 25% B; 1.00-4.30 min 35% B; 4.30-6.50 min
100% B; 6.50-40 min 25% B. The column was equilibrated prior to
sample injection, and the temperature of the column oven was set
at 45°C.

To generate a standard curve of 1- and b-Amino acids (AAs), the
standard compounds were diluted in water at concentrations adjusted
to be relevant to product contents. After derivatization, 10 pl of the
standard solution was separated and detected using the HPLC-MS
system.

The enantiomeric excess (ee) was calculated based on the inte-
grated peak areas of L- and p-AAs as indicated in Eq. 3.

ee=(l — AAs —d — AAs)/(I — AAs+d — AAs) 3)

where 1-AAs and p-AAs represent the obtained peak areas of L-Fpia-
DERIVATIZED L-AAs and L-FDLA-derivatized p-AAs, respectively. The stan-
dard error of the mean of the %ee was calculated by means of Eq. 4.

s.em. =S/n 4)
where S is the standard deviation and n is the number of experiments.

Temperature-programmed desorption

In the TPD analysis of p-/t-Ala and p-/t-Glu on natural pyrite, 50 mg of
crushed pyrite particles were added to 5 ml of p-Ala, L-Ala, p-Glu and 1-
Glu standard solutions with a concentration of 2.5 mg/ml, respectively.
The mixture was vigorously stirred for 1hour at room temperature.
Subsequently, the pellet was centrifuged in a high-speed centrifuge at
8049 g for 5 minutes, following which the supernatant was removed as
much as possible. Then, the remaining solids were rapidly rinsed twice
with deionized water to remove residual free amino acids as much as
possible and dried in an oven at 60 °C overnight. The sample was
sealed and subjected to the TPD test. The above process was inde-
pendently repeated three times, and the mean of the three results was
taken as the final outcome.

The TPD of amino acids adsorbed on natural pyrite was con-
ducted under N, atmosphere using the Quantachrome Autosorb-iQ-C
chemisorption analyzer. The species desorbing from the surface were
monitored by the thermal conductivity detector.

Computational details

Density functional theory calculations were performed using the
plane-wave-based Vienna Ab Initio Simulation package (VASP)*°. The
wavefunction was expanded in a plane-wave basis set with an energy
cutoff of 480 eV. The electron exchange and correlation effects were
described by the generalized gradient approximation (GGA) in the
form of the Perdew-Burke-Ernzerhof (PBE) functional®’. The D4 cor-
rection method was employed to illustrate the long-range dispersion
interactions between the adsorbates, water, and pyrite surface®’. The
interaction between atomic cores and electrons was described by the
projector augmented wave (PAW) method™. A cut-off energy of 480 eV
for the plane-wave basis set and an atomic force convergence of
0.02eV/A were employed. A Fermi smearing width of 0.02eV and
dipole corrections were employed as well. For the calculation of all
thermodynamic quantities, the open-source atomic simulation envir-
onment (ASE)* code was used. The Gibbs free energies were calculated
at 298K and 1atm as outlined below:

G=H—TS=Eprr+Ezpp+C, — TS (5)
where Eprr is the DFT-calculated electronic energy, Ezpr is the zero-

point vibrational energy, Cp is the heat capacity, T is the temperature,
and S is the entropy. Gas-phase molecules such as H, were treated
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using the ideal gas approximation, while adsorbates were treated using
a harmonic approximation. The computational hydrogen electrode
(CHE) model was used to calculate the Gibbs free formation energy for
Ala, Glu, and imine intermediates®*. For example, the Gibbs free energy
of formation for HOOCCNHCH;3* was calculated as G¢= GyoocenicH3* -
(Ghooccochs®)- The adsorption energy of each amino acid was
calculated as E s = Eap+ - (Esiap + Ean)-

The whole reaction from pyruvic acid to Ala was proposed as
follows:

HOOCCOCH; +2H" + NH; — HOOCCNHCH; +2H" + H,0  (6)

HOOCCNHCH; +2H* +H,0 — HOOCHCNH,CH; +2H" + H,0  (7)

The whole reaction from pyruvic acid to Glu was proposed as
follows:

HOOCCOCH,CH,COOH" +2H" +NH; — HOOCCNHCH,CH,COOH" +2H"H,0
8)

HOOCCNHCH,CH,COOH" +2H* +H,0 — HOOCHCNH,CH,CH,COOH' +H,0
)

The (111), (200), and (220) were modeled using (2x2) supercells
with a (1 x1 x 1) k-point grid ((1 x 1 x 1) k-point grid for small-molecule
adsorptions). The (211) was modelled using (1 x 1) supercells with a (1 x
1 x 1) k-point grid ((1 x 1 x 1) k-point grid for small-molecule adsorp-
tions). In addition, the models of the (111), (200), (220), and (211) have a
4-atom layer in the z-axis direction and a 25A vacuum slab between
mirror images in the z-axis in the unit cell.

Data availability

The source data underlying Figs. 2a, 3c, d, 4a, 5a, and b, and Figures in
Sl are provided as a Source Data file, and other source data could be
found in Supplementary Information (SI). Source data are provided
with this paper.
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