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Solar-induced water oxidation reaction (WOR) for oxygen evolution is a critical step in the transforma-
tion of Earth’s atmosphere from a reducing to an oxidation one during its primordial stages. WOR is also
associated with important reduction reactions, such as oxygen reduction reaction (ORR), which leads to
the production of hydrogen peroxide (H,0,). These transitions are instrumental in the emergence and
evolution of life. In this study, transition metals were loaded onto nitrogen-doped carbon (NDC) prepared
under the primitive Earth’s atmospheric conditions. These metal-loaded NDC samples were found to cat-
alyze both WOR and ORR under light illumination. The chemical pathways initiated by the pristine and
metal-loaded NDC were investigated. This study provides valuable insights into potential mechanisms
relevant to the early evolution of our planet.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The transition of a reducing atmosphere, mainly comprising
NH3 and CH4 in Earth’s primordial state to an oxidizing one, con-
sisting of O, and N,, played a pivotal role in the emergence of life.
The solar-induced water oxidation reaction (WOR) for oxygen evo-
lution has been suspected to play a critical role in achieving this
transformation [1-4]. Evidence has revealed that both anoxygenic
and oxygenic photosynthesis were capable of releasing O, gas from
water, with traces of such processes dating back to the Archean
Eon, as early as 2.5 billion years ago [5,6]. Moreover, WOR is also
significant as it is associated with a series of important reduction
reactions [7-12]. For instance, H,0, production can be achieved by
an oxygen reduction reaction (ORR), another spontaneously crucial
reaction for life evolution [13,14]. In plant cells, the peroxidase en-
zyme leads to an efficient transfer of electrons to O, molecules un-
der sunlight irradiation, resulting in the generation of superoxide.
Subsequently, the action of dismutase on the superoxide leads to
the formation of H,0, [15], and it can be further utilized by or-
ganisms to combat pathogens [16]. The importance of both these
reactions has stimulated us to investigate the origins of photoac-
tive mediators beyond the realm of photosynthesis

Aiming to simulate the conditions of the Archean Eon, nitrogen-
doped carbon (NDC) materials prepared by plasma-enhanced
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chemical vapor deposition (PE-CVD) was conducted. This process
employed CH4 and NH3 gases as precursors and was carried out
at a relatively low temperature of ~170°C [17]. Notably, these NDC
materials have demonstrated activities in photocatalytic redox re-
actions without the need for any additional co-catalysts. Further-
more, the carbon and nitrogen sites within the NDC have been
identified to be responsible for driving reduction and oxidation re-
actions, respectively.

On another hand, the occurrence of an impact event has been
proposed as a mechanism for the formation of metals on the
early Earth [18-20]. Subsequently, compelling evidence indicates
the widespread availability of various metal ions in the Archean
Ocean, including Fe, Co, Ni, Cr, Zn, Cu, Mn, Pd, Ag and others [21-
27]. Metals and carbon-based materials are known to have been
present in the primordial stages of Earth, and metal- and nitrogen-
rich carbon materials have also been found in meteorites [28-32].
This fact inspires us to consider the possibility of incorporating
these metal ions with NDC materials to drive WOR and ORR using
solar energy. Noted that in the field of photocatalysis, studies have
been widely conducted by incorporation of metal/metal oxides on
carbon materials for water redox reactions [33-35].

The water oxidation reaction (WOR) and ORR are reverse reac-
tions, and their general processes are depicted in Scheme 1. In the
WOR cycle, H,O undergoes a two-electron process to form H,0,,
while a four-electron process converts H,O into O,. Conversely, in
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Scheme 1. Schematic illustration of WOR and ORR of metal-loaded NDC photocat-
alysts.

the ORR, O, can be transformed into H,O, or H,O through two-
or four-electron processes, respectively [36-42]. These pathways
typically involve the rearrangement of O—H and O—O bonds with
the involvement of various intermediates, including *OH, *O, *OOH,
*00, and others [43-48]. However, the specific pathway can vary
for each reaction, mainly depending on the active site in the photo-
catalytic system. Therefore, there is a strong motivation to uncover
the operational mechanisms of these reactions using this unique
NDC photocatalyst.

Herein, various metals were loaded on NDC to presumably
mimic materials in the primitive Earth. These materials were then
employed as photocatalysts to drive both WOR and ORR under
light illumination. Specifically, the pristine NDC photocatalyst ex-
hibited oxygen evolution reaction (OER) activity in the presence
of electron scavengers, and when metal was loaded with NDC,
the OER rate was notably improved. The metal-loaded NDC was
also capable of driving ORR, which occurred OER simultaneously,
resulting in an overall solar-to-chemical conversion. The chemi-
cal pathways of the OER and ORR on NDC-based photocatalysts
were explored, highlighting the significance of carbon and nitrogen
sites in activating O, and H,O molecules, respectively. Moreover,
the key role of metal on NDC was unveiled. Concerning OER, the
presence of metal on NDC associated with the acceleration of the
rate-determining step (RDS), namely the conversion from *—OH to
*—OOH, thereby improving the OER performance. Only when metal
was loaded on NDC, the ORR was witnessed for H,O, production
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since metal species facilitated the conversion from O, to *OOH, a
sluggish step in H,0, production. These findings provide deep in-
sight into the potential mechanisms relevant to the early evolution
of Earth and contribute to the understanding of the chemical pro-
cesses that shaped our planet.

The pristine NDC materials were synthesized based on our pre-
vious work, and the optimal NDC was applied for the subsequent
studies [17]. The resultant materials were characterized by X-ray
diffraction (XRD, Fig. S1 in Supporting information), scanning elec-
tron microscope (SEM, Fig. S2 in Supporting information), scan-
ning transmission electron microscopy (STEM, Fig. S3 in Support-
ing information), X-ray photoelectron spectroscope (XPS, Fig. S4 in
Supporting information), Fourier transform infrared (FTIR, Fig. S5
in Supporting information), solid-state 13C nuclear magnetic res-
onance (3C NMR, Fig. S6 in Supporting information), ultraviolet-
visible diffuse reflectance spectroscopy (UV-vis DRS) (Fig. S7 in
Supporting information), Raman spectroscopy (Fig. S8 in Support-
ing information). The analyses and discussions of the results can
be found in Supporting information, and all the results from pris-
tine NDC materials are undoubtedly consistent with the previous
work.

Metals, including Co, Ni, Mn, Fe, Pd, Cr, Zn and Cu, were
physically loaded on NDC. The loaded metals were investigated by
inductively coupled plasma optical emission spectrometer, and the
results were analyzed in Table S1 (Supporting information). All the
loaded metals on NDC were detected, and their weight percentage
was ~0.5%. The Co, Mn, and Zn loaded NDC were namely Co-NDC,
Mn-NDC and Zn-NDC, respectively, and they were selected as
typical examples for further investigation using XPS, as shown
in Figs. 1a-c. There were four peaks observed in the spectrum of
the Co 2p orbital (Fig. 1a). Among them, two peaks at 803.3 and
796.6eV were attributed to the Co 2p;j, satellite and Co 2p;p,
orbitals, respectively. The other pair at 786.2 and 780.6eV were
assigned to Co 2ps, satellite and Co 2p;p, orbitals, respectively.
Therefore, Co can be identified as Co(ll) species [49,50]. In the
spectrum of the Zn 2p orbital (Fig. 1b), two distinct peaks were
observed at 1044.4 and 1021.7 eV, which were defined as Zn 2p;,
and Zn 2ps;, orbital, respectively, confirming the presence of the
Zn(Il) species [51-54]. Four peaks were assigned from the spec-
trum of Mn 2p orbitals (Fig. 1c). Among them, two peaks at 653.5
and 651.9eV were attributed to the Mn 2p;j, satellite and Mn
2pyj, orbitals, respectively. The other pair at 645.5 and 641.4eV
were assigned to Mn 2p;, satellite and Mn 2p3, orbitals, respec-
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Fig. 1. High-resolution XPS spectra of (a) Co 2p, (b) Zn 2p, and (c) Mn 2p. HAADF images of Co-NDC along with EDX elemental maps showing (d) cobalt, (e) carbon, and (f)

nitrogen.
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Fig. 2. (a) OER rate and (b) H,0, production rate by ORR using NDC based photo-
catalysts with certain metal.

tively. Therefore, Mn can be identified as the mixture of Mn(II) and
Mn(III) species, respectively [55-58]. In addition, the C1s (Fig. S9a
in Supporting information) and N 1s (Fig. S9b in Supporting infor-
mation) spectra were acquired, and the C1s peaks were presented
as similar profile as that without loading any metals. While the
N 1s peaks shifted to higher binding energy with respect to that
of the pristine NDC. As such, the metal loadings highly affect
the nitrogen species [59]. As a typical example, the Co-NDC was
further investigated by transmission electron microscope (TEM).
The TEM images, including high-angle annular dark-field (HAADF)
images, are presented in Figs. S10a and b (Supporting information),
respectively. These images suggest the formation of Co species on
the NDC surface resembling a powdery structure. Upon analyzing
Fig. S10a, the corresponding particle size analysis of the loaded
Co species indicates an average size of approximately 8.46 nm
(Fig. S10c in Supporting information). Moreover, high-resolution
TEM images in Figs. S10d and e (Supporting information) have
shown a lattice spacing of 0.213 nm, corresponding well to the
(200) plane of cubic CoO [60], consistent with the Co 2p XPS
results. Furthermore, energy dispersive X-ray spectrometry (EDX)
mapping analysis, revealing the homogeneous distribution of
Co, C, N, and O elements in Figs. 1d-f and Fig. S11 (Supporting
information), respectively. This observation further confirmed the
uniform anchoring of Co on NDC. In addition, the light absorption
of the Co-NDC was investigated by UV-vis DRS, and the absorption
spectrum is preserved as the pristine NDC (Fig. S12 in Supporting
information), revealing, by such amount loading, metal has minor
effect on the light absorption for NDC photocatalysts.

The photocatalytic OER and ORR were performed by 50 mg of
photocatalysts. A 300W Xenon lamp was applied as light source
and Ag(I) was used as sacrifice agent for OER. The photocatalytic
redox reactions and OER rates were shown in Fig. 2. Without any
metal cocatalyst, the optimal NDC sample achieved the OER rate
of ~0.8umol/h (Fig. S13 in Supporting information). Upon load-
ing metals onto the NDC, the photocatalytic OER performances im-
proved (Fig. 2a). Notably, the NDC photocatalyst loaded with Mn
achieved the highest OER rate, with a value of 63.2 umol/h, while
the Co-NDC photocatalyst demonstrated a comparable result with
an OER rate of 55.5 umol/h. The optimal loading amount of Mn was
determined to be 3 wt% (Fig. S14a in Supporting information).

NDC based photocatalyst was further applied for the H,0, pro-
duction by ORR, and OER was accompanied as oxidation reac-
tion, resulting an overall solar-to-chemical conversion. The perfor-
mances were presented in Fig. 2b. The pristine NDC is inactive, and
Co, Fe, Pd, Cr, and Zn loaded NDC have presented photoactivities
for H,0, production. Among them, Zn-NDC presented the highest
rate for H,O, production at 15.1 umol/h, and Co-NDC achieved a
rate of 8.0pmol/h. The optimal loading amount of Zn was deter-
mined to be 2 wt% (Fig. S14b in Supporting information). The reac-
tions were further corroborated using H,'80 isotope, and the syn-
thesis of 180, during H,0, production confirmed the overall redox
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nature of the reaction for solar-to-chemical conversion (Fig. S15 in
Supporting information). Specifically, H,O, and O, were produced
by photoexcited electron and hole, respectively.

Notably, the optimal AQY for O, evolution is achieved ~19.8%
and 33.69% at the wavelength of 420 nm and 365 nm, respectively.
The performance exceeds that of graphitic carbon nitride (g-C3Ny4)
and borocarbonitride (BCN) photocatalysts (Fig. S16 in Supporting
information). The AQY for H,0, evolution was found to be 0.09%
and 0.23% at the corresponding wavelengths (Fig. S17 in Support-
ing information). The trend of AQY values generally aligns with the
absorption spectrum of NDC, indicating that the redox reaction is
driven by light illumination. In addition, by a four-cycle experiment
(4 h per cycle), the performances were generally preserved (Fig. S18
in Supporting information). Characterizations, including FTIR and
XPS, were conducted after the four-cycle photocatalytic reaction.
Unobvious differences of spectra revealed that the photocatalysts
were photochemically stable for the reactions (Figs. S19 and S20 in
Supporting information).

To assess the enhanced performance, the reaction mechanism
of NDC-based photocatalysts was further investigated. Since Co-
NDC photocatalyst presented excellent performances for both OER
by water splitting and ORR for H,0, production, it was chosen as a
typical example for in-depth investigation through steady-state and
in-situ characterizations. Initial studies were conducted by steady-
state characterizations. Time-resolved photoluminescence (TRPL)
was applied to investigate the lives of the photoexcitation charges.
The decay time of Co-NDC was measured at 1.89 ns, whereas it was
1.07 ns for pristine NDC (Fig. S21 in Supporting information). This
result indicates that the presence of metal species on NDC con-
tributes to an improvement in the lifetime of photoexcited charges,
since the metal is likely to accumulate the charges [41,61,62].

In-situ FTIR was subsequently acquired to study the mecha-
nisms for both OER and ORR. In the OER experiment, a reference
experiment was first performed by pumping Ar gas into the system
that containing Co-NDC. As the spectrum shown in Fig. 3a (curve
1), no significant peak was observed, indicating that the photocat-
alytic system remained inert in the presence of noble gas. When
pure H,O was introduced into the system, three distinct peaks
were observed, including a broad absorption band and two weak
peaks as shown in Fig. 3a (curve 2). Notably, a broad peak ranging
from 3640cm™! to 3050cm! was attributed to the stretching vi-
bration of the O—H bond [63,64]. The weak peaks at 1645cm™! and
1536cm™! were assigned to the bending vibration of H-O—H in
H,0 molecules and stretching vibration of N—O, respectively [65].
In addition, by increasing the quantity of the introduced water, the
peaks at 2784, 2247, 2183cm™! and 1508 cm™! gradually increased
(Fig. S22a in Supporting information), and the peaks were assigned
as O—H, N=C=0, C=C=0 and N-O stretching vibration, respec-
tively [66,67]. These signals indicated that H,O molecules strongly
interact with carbon and nitrogen site on NDC photocatalysts. By
introducing Ag(I) solution into the system (Fig. S22b in Supporting
information), a new absorption band locating at 1743 cm™ gradu-
ally formed (Fig. 3a, curve 3), and this peak could be assigned to
the C=0 stretching vibration [68]. Meanwhile, the peaks at 3042-
2800 cm™! gradually decreased, and the peaks were assigned to the
C—H stretching vibration (Fig. 3a, curve 3 and Fig. S22b). These ob-
servations suggested that the N=C—H/C=C—H dangling bonds re-
acted with H,0 to result N=C=0/C=C=0 bonds.

When light illuminates the photocatalytic system that contain-
ing Co-NDC and Ag(I), inverted peaks emerge at 3640-3050cm™!
and 1645cm! formed as shown in Fig. 3a (curve 4). These peaks
were owing to the O—H and H—O—H vibration modes of H,O, re-
spectively. This observation suggests that the H—O bonds of H,0
molecules on Co-NDC gradually dissociated. However, when Ag(I)
was not added to the system and light illuminate it, the FTIR
spectrum remains unchanged from the initial state (Fig. S23 in
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Fig. 3. (a) The FTIR spectra by pumping (1) Ar, (2) H,0 vapor, (3) Ag(l) solution, and (4) light illumination. (b, c) The time course of the FTIR spectra during the OER
reaction. (d) The FTIR spectra of (1) NDC and (2) Co-NDC for OER under light illumination. (e) The FTIR spectra of (1) NDC, (2) Co-NDC by pumping O, gas without any light
illumination and (f) the corresponding FTIR spectra with light illumination for ORR and OER.

Supporting information). This outcome indicates that without the
presence of an electron scavenger like Ag(l), the OER reaction can-
not be initiated.

Subsequently, time-resolved FTIR spectroscopy was performed
to monitor the evolution of the OER under light illumination
(Figs. 3b and c). Notably, the peak associated with the stretch-
ing vibration of C—H bonds (3042-2800cm™!) gradually decrease
over time. Simultaneously, the other peaks corresponding to *—OH
(1320cm™), *—~00H (1037 and 948cm™!), and 0—0 (1408 cm™!)
gradually increase in intensity [69,70]. These identified species
were known as the key intermediates during the OER of water
splitting, revealing the dissociation of the H,O and production of
0, gas. Comparing the behavior of pristine NDC with Co-NDC un-
der ambient conditions (Fig. S24 in Supporting information), no
significant difference was observed. When both light illumination
and Ag(I) were introduced into the system, the FTIR spectra of pris-
tine NDC resembled those of Co-NDC (Fig. S25 in Supporting infor-
mation), implying that the reaction pathways for OER were gener-
ally similar between the two.

Of particular importance was the observation of a distinct peak
at 830cm! in the Co-NDC spectrum, which could be attributed
to the presence of Co(Ill)-OH species as shown in Fig. 3d [71].
This observation suggested that Co species also interacted with
H,0 molecules, thereby facilitating the activation the *—OH. Con-
sequently, this interaction significantly promoted the RDS in the
OER, namely the conversion from *—OH to *—OOH.

The investigations of the ORR for H,0, production by both pris-
tine NDC and Co-NDC was further performed using in-situ FTIR.
The background FTIR spectrum was collected with H,O present
in the system. When O, molecules were introduced into the sys-
tems, the resulting spectra are presented in Fig. 3e. For both Co-
NDC and NDC photocatalysts, two peaks were observed at 1512
and 1280cm™!, and they were attributed to stretching vibrations
of N—O and C—O bonds, respectively [72-74]. This result indicates
that both nitrogen and carbon sites have the capability to adsorb
0, molecules. More importantly, for Co-NDC sample, it is able to
observe a distinct peak at 1014cm!, which is owing to the CoOO*
species [75]. This observation reveals that the Co sites is also ca-
pable of adsorbing O, molecules.

When light illuminates the photocatalytic system, notable dif-
ference was realized between Co-NDC and NDC (Fig. 3f). In the

NDC spectrum, the intensities of both C—O and N-O peaks were
generally sustained. In contrast, in Co-NDC, there is a significant
enhancement in the peak intensities corresponding to C—O bond,
N-O bond, and CoOO* species. This observation suggests Co is the
key sites to initiate the activation of O, species. The photogener-
ated charges were possible injected from either Co or C species
to the activated O, to form CoOO* species. It is noteworthy that
in the absence of any metal on NDC, the active O, molecules on
both carbon and nitrogen sites of pristine NDC cannot be converted
to H,O,. Only when Co was loaded on NDC, photoexcited elec-
trons could be injected into the Co species and O,, which then
could drive the transition from O, to OOH* species, the RDS in
ORR for H,0, production [76-78]. Simultaneously, in the spectrum
of Co-NDC, the peaks for the conversion of H,O molecules to O,
molecules were observed, indicating OER was concurrently occur-
ring.

On basis of the results from FTIR, Fig. 4 illustrates the pathways
for both OER and ORR using pristine NDC and Co-NDC. For OER, as
shown in Figs. 4a and b, in general, the carbon and nitrogen sites
on NDC plays a pivotal role in adsorbing H,O molecules (step 1).
Concurrently, photoexcited holes from nitrogen sites injected into
H,0 molecules, forming *—OH (step 2). Subsequently, *—OH is con-
verted into *—O (step 3), further converting into *—OOH (step 4).
This conversion from *—OH to *—~OOH is known as the RDS with
a theoretical AG of 2.96eV, higher than other steps [79]. Conse-
quently, *—~OO0H is converted to O, molecules (step 5). Notably,
when metal was incorporated on NDC, the oxidation steps still pre-
dominantly performed at nitrogen sites (step 6). While the pho-
toexcited holes from the nitrogen sites were injected into the metal
(step 7). The RDS is therefore promoted at the reactive metal sites,
consequently leading to a substantial improvement in the OER rate
(steps 7-10).

For ORR, the pristine NDC is insufficient for driving H,O, pro-
duction, as illustrated in Fig. 4c. In contrast, Fig. 4d illustrates the
effective pathways for H,0, production by Co-NDC. In the case of
the pristine NDC, both carbon and nitrogen sites are capable of ad-
sorbing O, molecules (step 11). But, under light illumination, the
photoexcited electrons from carbon sites are unable to drive the
conversion of the adsorbed O, molecule (step 12), probably due
to a limitation imposed by the RDS (step 13). In the Co-NDC pho-
tocatalyst (Fig. 4d), as supported by the information provided in
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Fig. S9 (Supporting information), the presence of loaded Co species
has a profound impact on the chemical environment of nitrogen
sites. This interaction plays a crucial role in facilitating electron
transfer processes involving C—0 and N-O bonds. These electron
transfers, in turn, activate O, and H,O molecules adsorbed on the
surface (step 14). Additionally, Co itself serves as active sites to ac-
tive O,, which was readily converted to CoOO* (steps 14 and 15).
The CoOO* species was converted *OOH by the injection of a pho-
toexcited electron under light illumination (step 16). Consequently,
H,0, was formed by hydrogenation of *OOH (step 17), and OER
continues simultaneously (Fig. 4b).

In conclusion, NDC was synthesized by PE-CVD using NHs; and
CH4 gases as precursors and various metals were loaded onto NDC
to mimic the abundance of materials in the old Earth. The prod-
ucts were found to be effective photocatalysts that could drive both
WOR and ORR under light illumination. The pristine NDC photocat-
alyst was active for OER in the presence of electron scavengers, and
the OER rate was boosted by loading transition metals. More inter-
estingly, the metal-loaded NDC has demonstrated the ability to cat-
alyze ORR. The ORR was realized concurrently with OER to achieve
an overall solar-to-chemical conversion. Of particular importance
is our investigation into the underlying chemical pathways of OER
and ORR on both pristine and metal-loaded NDC photocatalysts.
Typically, carbon and nitrogen sites in NDC demonstrated activa-
tion in adsorbing and converting H,O to O,. The presence of metal
on NDC further improved the OER performance by promoting the
RDS, that is the conversion from *—OH to *—OOH. In the context of
ORR for H,0, production, carbon and nitrogen sites exhibited the
capability to adsorb O, molecules but were insufficient for their
conversion into H,0,. Importantly, the presence of metal on NDC
enabled this conversion by facilitating the transformation of O, to

*OO0H, which represents the RDS in H,0, production through ORR.
The investigation of the photoactive material has provided valuable
insights into the potential mechanisms relevant to the early evolu-
tion of Earth.
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