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Spontaneous generation of reactive oxygen species (ROS) in aqueous microdroplets or at
a water vapor-silicate interface is a new source of redox chemistry. However, such gener-
ation occurs with difficulty in liquid water having a large ionic strength. We report that
ROS is spontaneously produced when water vapor contacts hydrogen-bonded hydroxyl
groups on a silicate surface. The evolution of hydrogen-bonded species such as hydroxyl
groups was investigated by using two-dimensional, time-resolved FT-IR spectroscopy.
The participation of water vapor in ROS generation is confirmed by investigating the
reaction of D, O vapor and hydroxyl groups on a silicate surface. We propose a reaction
pathway for ROS generation based on the change of the hydrogen-bonding network
and corresponding electron transfer onto the silicate surface in the water vapor—solid
contact process. Our observations suggest that ROS production from water vapor—sili-
cate contact electrification could have contributed to oxidation during the Archean Eon
before the Great Oxidation Event.

contact electrification | water vapor-solid interface | hydroxyl radical | hydrogen peroxide |
reactive oxygen species

Hydrogen peroxide (H,0O,), as one of the reactive oxygen species, is a simple but important
compound in nature because it plays key roles in many aspects ranging from environmental
chemistry (1), biochemistry (2, 3), and geoscience to human health (4). Intriguing hypoth-
eses proposed that H,0O, once acted as a transitional electron donor prior to H,O for the
origin of life (5) and evolution of oxygenic photosynthesis (6-8) on Earth (8, 9) because
water can only provide electrons with the help of chlorophyll-z and the water-oxidizing
complex. Although it is generally thought that oxidative photosynthesis also existed prior
to the Great Oxidation Event, it has been proposed that H,O, made a significant contri-
bution to Archean atmospheric oxygenation and may create evolutionary pressure that
forced existing photoautotrophs to adapt to locally oxidized environments (6, 8-11). This
issue is complicated by the fact that various abiotic geochemical sources of H,O, existed
on early Earth (12, 13). Early works reported that the abiotic sources of H,O, may have
come from the photolysis of H,O in the early stratosphere and that H,O, generated in
the stratosphere may reach the ground through precipitation (14). However, several the-
oretical calculations suggest that the amount of H,O, that could reach the ground with
precipitation is low owing to the short lifetime of H,O, in the stratosphere (15, 16).
Additionally, the fainter Sun during the Archean Eon, with 25 to 30% lower solar lumi-
nosity (12), may also reduce the H,O, generation reaction level through the photochemical
pathway. In addition, higher UV fluxes from the young sun could cause the decomposition
of H,0, in the lower atmosphere. Recent works by Zare and coworkers reported that
H,0, is generated spontaneously in aqueous microdroplets (17-22). They also provided
evidence that H,O, in the microdroplets was formed without the adsorption of ozone (23).
These results indicate that there may be unrecognized pathways for H,0O, generation from
water. A more recent hypothesis is that H,O, may form at the mineral-water interface
along the silicate intertidal zone in lakes, rivers, and oceans on early Earth (8). He et al.
conjectured that the mechanism of H,0, generation could be attributed to reactions
between water and the surface-bound radicals on silicate minerals (8). It is no coincidence
that a recently published study also reported the generation of H,O, from the hydroxyl
group on the solid surface and it was suggested that this phenomenon can be attributed
to water—solid contact electrification (24). Recently, it was proposed that stress-induced
and fracture-induced reactions at silicate surfaces in contact with liquid water could be a
source of H,0, to Earth’s early atmosphere (10). However, the generation of H,0, at the
water—solid interface is dramatically reduced by an increase in the ionic strength of water
and H,0, can be hardly detected when the ion concentration is higher than 10~ M
(17, 24). We propose that the increase of ion concentration changes the structure of the
electrical double layer, thus affecting the electron transfer and the corresponding H,O,
generation at the water—solid interface including other reactive oxygen species. Considering
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The origin of atmospheric
oxidation is important for
understanding the evolution of
Earth's early environment and
the origin of life. The formation
of oxygen species has long been
linked to photosynthesis by
cyanobacteria. Previous studies
demonstrated that contact
electrification between liquid
water and solids causes the
generation of hydroxyl radicals.
However, the contribution of this
phenomenon to atmospheric
oxidation is open to question
because the formation of oxygen
species at a liquid water-solid
interface is affected by the ionic
strength of water. This study
shows that reactive oxygen
species can arise from contact
electrification of water vapor with
silicate, which may have
contributed to oxidation during
the Archean Eon.
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the hypothesis that liquid water on the early Earth came from the
universal deluge, the ionic strength of surface water in Archean
Eon may have had an ionic strength much higher than 10 M
(note that the ionic strength of rainwater is of order 107 M)
(25, 26). Surface water with kinds of ions reduced the likelihood
of H,0, generation at the solid-liquid interface. Therefore, we
hypothesize that another pathway that is independent of ionic
strength may have contributed to H,O, generation from water.
Because we do not know how to quantify the production of ROS
from such interactions, it remains only speculative how much this
may have contributed to the Earth’s early atmosphere. Without
doubt, however, this process does represent a new chemical trans-
formation of water into ROS.

Water vapor is the main form of water in the atmosphere. As
surface water evaporates, water molecules rise into the atmosphere,
leaving most of the ions in the source water. Importantly, unlike
water—solid contact electrification is a physicochemical process
involving both electrons and ions (27-29), the type of charge
transfer in gas—solid contact electrification is electrons (30, 31).
Moreover, contact electrification, or frictional charging between
gas and solid, is ubiquitous in nature (32). This effect is evident in
the atmosphere, which is far from being a pure homogeneous gas.
As the troposphere moves, the contact occurs between water vapor
and aerosol particles. The water vapor and airborne particulate
matter become electrified in friction and collisions with each other.
In addition, our previous studies have confirmed that contact elec-
trification can cause spontaneous ROS generation at room tem-
perature (17, 18). The typical temperature range of the Archean
Earth (0 to 40 °C) (33, 34) meets the temperature requirements
of this process, which further increase the possibility of water vapor
participating in the interfacial redox reactions (10, 12, 33, 34).
However, the physicochemical processes that accompany the water
vapor—solid contact electrification are poorly understood.
Therefore, it is crucial to find out what interfacial redox reactions
happen when water vapor contacts a solid substrate.

Results and Discussion

Construction of an Ideal Water Vapor-Solid Interface. Our
previous work has confirmed that water—solid contact electrification
can cause ROS generation on various substrates including carbon
powders, oxides, standard soil, and atmospheric fine particles
(24). Therefore, building our model based on a solid material with
relatively stable chemical properties can eliminate the interference
of potential catalytic reactions in our study. Additionally,
considering that sandstones are the most abundant weathering
end-product minerals in terrestrial environments (35), we set up
the ideal water vapor—solid interface based on SiO, nanoparticles.
Notably, nanoparticles are used to construct large surface areas
in the hope of producing physicochemical phenomena strong
enough for subsequent detection. ST Appendix, Fig. S1 displays the
schematic of the experimental setup. Argon gas was first bubbled
through water to produce water vapor. The water was deionized
(DI) reagent-grade with a resistivity larger than 18 MQ c¢m. Argon
gas also provides an anoxic atmosphere in the sealed chamber. The
humidified Argon gas was then injected into a sealed chamber
that is filled with SiO, nanoparticles to construct an ideal water
gas—solid contact model (Fig. 14). Thus, this model can simulate
the water vapor—solid contact and corresponding physicochemical
processes in an anoxic atmospheric environment.

Generation of H,0, and Other ROS at the Water Vapor-Solid
Interface. As a proof-of-concept experiment, we compared the
concentration of ROS between the injected and exiting gas. The
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Fig. 1. Generation of ROS during the contact between water vapor and SiO,
nanoparticles. (A) Schematic image of the experimental setup of water vapor-
solid interface in a sealed chamber. (B) The ROS concentration at the inlet of
the sealed chamber. (C) The ROS concentration in the leaving gas after the
contact between water vapor and SiO, nanoparticles. (D) The relationship
between ROS concentration at the surface of SiO, nanoparticles and reaction
time during the contact process. (E) The ESR spectrum of hydroxyl radicals
at SiO, nanoparticles before contact occurred. (F) The corresponding ESR
spectrum of hydroxyl radicals at SiO, nanoparticles after contact occurred.

gases were collected by DI water, and they were subsequently
mixed with potassium titanium oxalate (PTO, K,TiO[C,O], -
H,O) solutions in equal volume. In previous reports (17, 18, 24),
PTO solutions were commonly employed for quantifying H,O,
concentrations. However, our DFT calculations (S Appendix,
Fig. S2) revealed that PTO reacts not only with H,O, but also
with other reactive oxygen species, such as hydroxyl radicals.
Distinct differences among DI water, 1.5 ppm H,0O, solution,
and collected samples can be observed in their mass spectra
(SI Appendix, Fig. S3A). As H,0, is a neutral uncharged species, its
signal is undetectable by mass spectrometry; however, the collected
sample exhibits a clear signal at m/z 36, attributable to hydrated
hydroxyl radicals (36). As shown in ST Appendix, Fig. S3B, both
H,0, solution and collected samples can react with PTO, which
is consistent with the DFT results. To further verify the m/z
36 signal’s association with hydroxyl radicals, 1.5 ppm H,0O,
standard solution was characterized using mass spectrometry in
NanoESI mode, while exciting 340 nm UV light during injection
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(SI Appendix, Fig. S4). The m/z 36 signal significantly increased
with irradiation, consistent with the fact that UV light excitation
can convert H,O, into hydroxyl radicals.

ROS (H,0, and H,O -OH) can be detected at a very low level
in the injected gas (Fig. 1B). The concentration of ROS in the
collected solution reached 0.75 mg/mL after 90 min of continuous
exiting gas infusion (Fig. 1C). This result indicates that ROS
formed when contact occurred between water vapor and SiO, nan-
oparticles. The ROS detected in the exiting gas is transported by
the carrier gas from the contact process. To further understand the
phenomenon of ROS generation during the contact process, we
investigated the production of ROS on the SiO, surface as a func-
tion of contact time. ROS was not produced when water vapor—
solid contact did not occur (Fig. 1D). The concentration of ROS
generated on the SiO, surface gradually increased during the first
50 min of contact, after which it stabilized at 0.15 mg/g, suggesting
the reaction reached steady state. Correspondingly, the concentra-
tion of ROS in the exiting gas also increased with contact occur-
rence and then approached a constant value (57 Appendix, Fig. S5).

To exclude the effect of solid—solid contact caused by gas injec-
tion, we studied the FT-IR spectra of a flat SiO, substrate before
and after contact with water vapor. As shown in 87 Appendzx,
Fig. S6A weak peak is observed after contact around 2,850 cm™,
which is attributed to the generation of H,O,. This result con-
firmed that contact between water vapor and SiO, causes the
generation of H,O,. Additionally, the signal from hydroxyl radi-
cals can be observed by using electron spin resonance spectroscopy
(ESR) at the surface of SiO, after contact as shown in Fig. 1 £
and F. Hydroxyl radicals were detected in the leaving gas by using
its reaction with 3,3',5,5'-tetramethylbenzidine (TMB) to pro-
duce a colored product (37). SI Appendix, Fig. S7 displays the
typical yellow color of the end-product of TMB oxidized by
hydroxyl radicals and thus confirms the existence of hydroxyl rad-
icals in the leaving gas. These results indicate that the contact
between water vapor and solid substrate causes the generation of
reactive oxygen species including hydroxyl radicals in a hydrated

form and H,0,.

ROS Originates from the Reaction between Water Vapor
and Surface Hydroxyl Groups. To investigate the origin of
the spontaneous generation of H,O, at the water vapor—solid
interface, we carried out a series of in situ FT-IR spectroscopy
measurements during the contact between water vapor and SiO,
nanoparticles. We used a typical FT-IR spectrum of commercial
SiO, nanoparticles as a baseline (as shown in S/ Appendix, Fig. S8)
for the observation of the changes in SiO, surface groups during
the contact process. Fig. 2 A and B show the two-dimensional
(2D) time-resolved FT-IR spectra of the SiO, nanoparticles during
their contact with water vapor generated from DI water and a
10 % NaCl solution, respectively. These two 2D time-resolved
FT-IR spectra are similar, indicating the generation of reactive
oxygen species caused by water vapor—solid contact even at the
high ionic strength of the source water. This observation can be
attributed to the lower ionic strength in water vapor generated
by gas bubbling than that of source water. This is similar to what
happens when surface water evaporates into vapor. Therefore, we
believe that water vapor—solid contact might be a more likely
source of atmospheric oxidation in the Archean Eon than liquid—
solid contact.

As shown in Fig. 2B, the FT-IR spectrum shows an intensity
decrease 1n the 3,000 to 3,600 cm™" region and an increase at
3,747 cm™'. These changes in the FT-TR spectrum occur only after
water vapor is introduced into the sealed chamber (the part of

Fig. 2 below the black dashed line in each panel). This result
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suggests that water vapor may be one of the reactants in the gen-
eration of reactive oxygen species during the contact process. To
further confirm the participation of water vapor in this reaction,
a time-resolved FT-IR measurement was carried out when the
contact happened at 120 °C. The heated sealed chamber rules out
the existence of condensed water at the SiO, surface. As shown
in Fig. 2C, a similar FT-IR signal change can be observed com-
pared with FT IR spectra in Fig. 2 A and B. The spectral intensity
at 3,740 cm™ slightly decreases, which may be caused by the
shorter residence time of water molecules on the solid surface at
the higher temperature. Typically, the adsorption band in the
3,000 to 3,800 cm™" region can be attributed to the O—H stretch-
ing vibrations and related to their degree of hydrogen bonding.

The peak at 3,230 cm ™' corresponds to the O—H stretching vibra-
tions with a high degree of hydrogen bonding (icelike water). The
peak at 3,400 cm™" represents the adsorbed molecular water (liquid
water) on the SiO, surface. The peak at 3,740 cm ™' seems to arise
from the isolated hydroxyl group on SiO, (free OH) with no
hydrogen bonds (38). As shown in Fig. 2 A—C, the contact
between water vapor and SiO, leads to fragmentation of the
hydrogen-bonding network on the SiO, surface, which suggests
that hydroxyl groups on the SiO, surface (Si-OH) participate in
the reaction generating H,0O,. To test our speculation, we observed
the 2D time-resolved FT-IR spectra of the SiO, nanoparticles
during their contact with water vapor at 600 °C (shown in
Fig. 2D). At this temperature, the water vapor—solid contact did
not cause significant changes in FT-IR absorption spectrum.
Considering the dehydration of the SiO, surface, this result indi-
cates hydrogen-bonded hydroxyl groups also act as a reactant for
H,O, generation. Therefore, we propose that H,O, generation
during water vapor—solid contact originates from a physicochem-
ical reaction between water vapor and surface hydroxyl groups on
SiO,. In addition, this finding further confirms that the contact
of water vapor with metal-oxide nanoparticles is independent of
the crystal structure of the solid substrate (24). In other words,
hydroxyl functional groups on the surface of silicate minerals in
the early Earth’s atmosphere can be involved in ROS generation.

The Use of Isotopic Labeling. Tracing the changes of functional
groups on the SiO, surface during its contact with water vapor is
important to confirm our conjecture and further understand the
reaction mechanism of H,O, generation at the gas—solid interface.
However, the O-H stretching vibrational signals of water vapor
molecules adsorbed on the SiO, surface overlap with the signals
from the original Si-OH, with low degree hydrogen bonding in
the FT-IR spectrum. This overlap interferes with the observation of
the water vapor—SiO, contact process. To distinguish the evolution
of water vapor molecules and Si—~OH during the contact process,
deuterated water is used to produce D,O gas in contact with SiO,.
Fig. 34 shows a typical 2D time-resolved FT-IR spectrum captured
at the initial stage of the contact that occurred between D,O vapor
and commercral SiO,. The increase of intensity of the band around
2,500 cm ™" indicates that O—D bonding is formed on the surface
of SiO, nanoparticles during the gas—solid contact. In contrast, the
intensity of the band at 3,000 to 3,600 cm ™" decreased during the
contact process, which indicates hydrogen-bonded Si-OH groups
decreased. We attribute this observation to two possible reasons:
1) the fragmentation of the O-H hydrogen bonding network
during gas—solid contact and 2) the exchange of deuterium with
hydroxyl groups on SiO,.

Fig. 3B shows the corresponding FT-IR spectra captured at
different contact durations. The change in the spectra with contact
time shows that the structure of the hydrogen bonding network
on the SiO, surface changes considerably during the first 30 min

https://doi.org/10.1073/pnas.2302014120 3 of 7


http://www.pnas.org/lookup/doi/10.1073/pnas.2302014120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302014120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302014120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302014120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302014120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302014120#supplementary-materials

Downloaded from https://www.pnas.org by STANFORD UNIVERSITY SERIALS DEPARTMENT on July 17, 2023 from |P address 171.64.122.61.

Agoo
75
€l
£
! o 50
£
=
Dl water  Sealed SiO:
B., 100
c
f | é
[}
£
=
10% NaCl Sealed SiO:
solution
Cgo0
3
1 £
[}
E
=
Diwater  Sealed SiO:
at 120 °C
100
Dgo
=
£
] =50
£
=
25
Dlwater  Sealed SiO2 ¢

at 600 °C 3800

3600 3400 3200

Abs.
Contact with DI water | K1)

3400 3200
Wavenumber (cm')

Contact with 10% NaCl Sl;%

3400 3200
Wavenumber (cm'')

: Abs.
Contact with Dl water at 120 °C | KiYiY;

3400 3200
Wavenumber (cm'')

Abs.
-0.04
3000 2800
Wavenumber (cm)

Fig. 2. The 2D time-resolved FT-IR spectra of SiO, during contact. (A) The 2D time-resolved FT-IR spectrum of the SiO, nanoparticles during their contact with
water vapor generated from DI water at room temperature. (B) The 2D time-resolved FT-IR spectrum of the SiO, nanoparticles during their contact with water
vapor generated from a 10% NaCl solution at room temperature. (C) The 2D time-resolved FT-IR spectrum of the SiO, nanoparticles during their contact with
water vapor generated from DI water at 120 °C. (D) The corresponding 2D time-resolved FT-IR spectrum at 600 °C.

of contact and stabilized after 30 min. This trend is consistent
with that of H,O, generation on the surface of SiO, observed in
Fig. 1C. These results reaffirm the relevance of structural changes
in the OH hydrogen bonding network to the spontaneous gen-
eration of ROS on the SiO, surface during gas—solid contact.
Additionally, a shoulder peak in the absorption band at 2,757
cm™! is observed in Fig. 3 B and C, which can be attributed to
isolated Si—-OD groups. Importantly, no peak of isolated Si-OH
groups at 3,740 cm ™' was detected. This result offers solid evidence
that isolated Si—-OH is one of the products of the physicochemical
process caused by water vapor—solid contact, and the H atom in
generated Si—~OH originates from H,O vapor.

To exclude the effect of the exchange of deuterium with hydroxyl
groups on the above results, we place the SiO, in D,O gas to
saturate the exchange of hydrogen with deuterium in the hydroxyl

40f7 https://doi.org/10.1073/pnas.2302014120

groups on its surface. Then, we allowed the treated SiO, to contact
the flowing D,O vapor and observed the time-resolved FT-IR
spectra of the SiO,. As shown in Fig. 3 D-F, the intensity of the
adsorption band in the 3,000 to 3,800 cm™" region decreased,
which suggests the fragmentation of the hydrogen bonding net-
work on the SiO, surface thatis not replaced by a deuterium—bonding
network. Moreover, the band ranging from 2,000 to 2,500 cm”
reveals that the deuterium-substituted hydrogen bonding network
also breaks during the D,O vapor-solid contact. The peak at 2,757
em” is still observed, indicating that isolated Si-OD was generated
during the above experiments. This result rules out the possibility
that the peak formed from the exchange of deuterium with surface
hydroxyl groups and further supports the contention that hydro-
gen from H,O molecules may transfer to the SiO, surface during
the H,O vapor—solid contact.

pnas.org
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Fig. 3. FT-IR and XPS spectra of surface OH groups when contact occurred between SiO, nanoparticles and D,O. (A) A typical 2D time-resolved FT-IR spectrum
captured at the initial stage of the contact that occurred between D,O vapor and commercial SiO.. (B) The corresponding FT-IR spectrum in A. (C) The corresponding
3D time-resolved FT-IR spectrum in A. (D) A typical 2D time-resolved FT-IR spectrum during the contact that occurred between D,0 vapor and SiO, with hydroxyl
groups after the exchange of hydrogen with deuterium. (£) The corresponding FT-IR spectrum in D. (F) The corresponding 3D time-resolved FT-IR spectrum in D.
(G) The O 1S XPS spectra of SiO, before the contact occurred. (H) The corresponding O 1S XPS spectra after the contact occurred.

‘The X-ray photoelectron spectroscopy (XPS) spectra of the SiO,
nanoparticles were measured before and after the water vapor—solid
contact. As shown in Fig. 3 G and H, the atomic O 1s spectra are
used to identify the type of surface oxygen species present in SiO,.
Two subpeaks at 533.4 ¢V (green) and 532.8 ¢V (purple) occurred,
and they are assigned to the Si-OH and Si—O-Si bonds, respec-
tively. After the contact between water vapor (H,O) and SiO,
occurred, the percentage of Si—-OH in the O 1s peak decreases while
that of Si—O-Si increases. This result suggests that the total density
of Si-OH may decrease after the contact, which is in good agree-
ment with the observation of the decrease of hydrogen-bonded OH
in FT-IR spectra. Based on the FT-IR, XPS, and corresponding
ROS concentration measurements, the change in the oxygen species
on the SiO, surface reflects the generation of ROS, and this change
originated from the fragmentation of the hydrogen-bonded OH
network on the SiO, surface during the water vapor silicate contact
and may be accompanied by the generation of Si—-O-Si bonds.

PNAS 2023 Vol.120 No.30 2302014120

Our previous work has indicated that, in the case of liquid-solid
contact electrification, the generation of H,0O, from surface
hydroxyl groups is accompanied by electron transfer (24). Contact
electrification is important in providing the electron needed to
drive the redox reaction on the surface. Therefore, we used Kelvin
probe force microscopy (KPFM) to determine the surface charge
density of the substrate before and after contact with water vapor
(SI Appendix, Fig. S9). According to the earlier literature, we derive
the potential into the charge density (39). The surface charge den-
sity of the substrate changed from 78.66 to ~124.2 pC m ™, which
suggests that the substrate gained electrons in contact with water
vapor. It is well known that contact electrification at the gas—solid
interface is a pure electron-transfer process. Thus, the charge trans-
fer measured in the process of the water vapor—solid contact elec-
trification can be considered to be all from the contribution of
electrons, as evidenced by the KPFM results after heat treatment
(81 Appendix, Fig. S10). The number of transferred electrons is
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Fig. 4. Proposed mechanism for the ROS generation during contact electrification between water vapor and SiO..

one order of magnitude higher than that required for ROS gen-
eration. We believe that the electron transfer during the water
vapor-solid contact electrification is sufficient to produce the
amount of ROS that is observed. Additionally, this electron-transfer
process demonstrates that the generation of ROS is not related to
some ion migration process. Therefore, the contact electrification
effect of water vapor with silicate minerals would produce ROS
and is independent of ions that might have been present in the
atmosphere and on the mineral surface.

Mechanism for Generation of ROS Based on Water Vapor-Silica
Contact Electrification. Our experimental results and analysis
revealed that when contact occurred between water vapor and
SiO,, isolated Si-OH group and hydroxyl radicals may be
generated from the surface chemical reaction between water vapor
and hydrogen-bonded hydroxyl groups on the SiO, surface. As
shown in Fig. 4, we have constructed a possible reaction pathway
using a structural unit consisting of three hydrogen-bonded
hydroxyl groups on the surface of SiO,. When contact occurred
between water molecules and hydrogen-bonded hydroxyl groups,
the electron cloud of the water molecule may overlap with that
of the hydrogen-bonded hydroxyl group. Then, the electron may
transfer from the water molecule to the surface of SiO,, which
is the so-called contact-electrification effect between water vapor
and SiO,. Thus, the adsorbed water molecules may be positively
charged, while the hydrogen-bonding network on SiO, may be
negatively charged (as shown in step 1 of Fig. 4). This behavior is
also confirmed by the observation of a negatively charged current
as shown in SI Appendix, Fig. 9. We speculate that as electrons
transfer through the hydrogen-bonding network, the hydrogen
bonds between the Si-OH break and dehydrate to produce
hydrated hydrogen ions (hydronium cations) and negatively
charged silyl ether oxygen bonds (Si—~O-Si") as shown in step
2 of Fig. 4. After that, the active site where the water molecule
overlaps with the hydroxyl group forms an intermediate structure
Si—O - H-O, which further decomposes to form isolated Si-OH
and hydroxyl radical (OH-) (step 3). Finally, recombination of
OH. will generate H,0, or complex with H,O and H;0" to
generate hydrated hydroxyl radicals (step 4). We suggest that this
mechanism explains why we can detect both H,O, and hydroxyl
radicals during the water vapor-solid contact.

Although the evolution of the hydrogen-bonding network
structure on the SiO, surface in our proposed reaction mechanism
is difficult to observe in situ, our results do indicate that the net-
work structure composed of hydroxyl groups changes when water
vapor comes into contact with the hydroxyl groups on the solid
surface and is accompanied by the transfer of electrons and the
generation of oxide species. Of course, the reaction pathway of
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this process has not been definitively established and deserves
further investigation. In any case, the contact between water vapor
and solid substrate and the corresponding evolution of surface
hydrogen-boned Si-OH network structure plays an important
role in the rise of reactive oxygen species, which may have con-
tributed to the oxidation in the atmosphere of early Earth.

Conclusions

In summary, our results provide direct evidence for the spontaneous
generation of ROS (H,0,, hydroxyl radicals, and hydrated
hydroxyl radicals) at the SiO, surface from the reaction between
hydrogen-bonded hydroxyl groups and water vapor. These obser-
vations give a new perspective on water vapor—silicate contact
electrification and offer a possible reaction pathway for ROS gen-
eration at gas—solid interface. This reaction pathway offers a pos-
sible additional contribution to the rise of reactive oxygen species
in the Archean Eon and enhances our understanding of the evo-
lution of surface hydrogen bonding networks on silicate surfaces.

Materials and Methods

Materials. Unless otherwise stated, SiO, nanoparticles (200 to 300 nm, Shanghai
Aladdin Bio-Chem Technology Co., Ltd., China), PTO dihydrate (99.99%, Sigma-
Aldrich, USA), H,0, standard solution (1,000 pg/mL, Beijing Northern Weiye
Metrology Research Institute, China), anhydrous dimethyl sulfoxide (99.99%,
Sigma-Aldrich, USA), (3,3’,5,5'-TMB, Sigma-Aldrich, USA), NaCl (AR, Sinopharm
Chemical Reagent Co., Ltd., China), DI water (Merck Millipore, USA), deuterated
water (D,0, Sigma-Aldrich, USA), and argon (99.999%, Wuhan Iron and Steel
Group Gas Co., Ltd., China) were used in experiments. Fourier transform infrared
spectroscopy (Nicolet iS50, Thermo, USA) and in situ sealed reaction chamber
(Harrick Scientific Products, Inc.) were used in experiments.

Quantitative Characterization of ROS. First, 0.15 g SiO, nanoparticles were
filled into the sealed in situ reaction chamber, which has an integral inletand an
outlet. Argon was controlled at 0.15 MPa and passed through the safety bottle
and wetted with DI water before entering the sealed reaction chamber. Then, a
glass vial containing 1 mL of DI water was used to treat the exhaust gas in the
sealed chamber, into which the ROS in the gas was dissolved. The entire process
lasted 90 min. The exhaust gas without the addition of SiO, nanoparticles was
treated under the same conditions and served as the experimental control group.

In addition, in order to quantitatively observe the remaining ROS on the sur-
face of Si0, nanoparticles in relation to the reaction time, 0.15 g SiO, powder was
packed into a sealed chamber, and 0.1 g samples were removed and dispersed
into 1 mL of DI water at each certain reaction time (0, 10, 20...80, 90, and 100
min, total 11 samples). The first two groups of samples without argon were the
experimental control group. The suspension was centrifuged (8,000 rpm for 10
min) to extract the upper clear layer for subsequent detection.

According to the literature, the chromogenic reaction of ROS with titanium
salts is considered a reliable protocol for the accurate quantification of H,0,
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concentration. H,0, solutions of 0, 1,2,and 3 mg L ™" were prepared using a H,0,
standard solution and were mixed with 0.1 M PTO aqueous solution in equal
volume. In addition, 0.5 mL of samples were mixed with 0.1 M PTO aqueous
solution in equal volume, and its absorbance at 400 nm was detected by a 96-well
immuno plate (100 pL per well) and Microplate Reader.

Qualitative Characterization of Hydroxyl Radicals. As described above, 0.15
g of Si0, powder was loaded into a sealed chamber and 0.15 MPa moist argon
gas was passed through. Then, 2 mL of a 10 pg/mL TMB/DMSO solution was
used to absorb the exhaust gas. In addition, the SiO, nanoparticles before and
after the reaction were characterized by ESR against hydroxyl radicals, and the
trapping agent was DMPO.

2D Time-Resolved FT-IR Spectra Characterization. To investigate the effect of
solid surface hydroxyl or adsorbed water on the whole process, the temperature
of the sealed chamber was raised to 120 °Cand 600 °C, respectively. In addition,
the first 20 min of time-resolved FT-IR spectra were the control group with argon
off (0.15 MPa). The argon gas is wetted with DI water. After 20 min, argon was
turned on and changes in the material surface groups were recorded continuously
(once a minute). The whole process continued for 100 min.

To test the effect of ionic strength in the carrier gas on the reaction, the DI
water was replaced with a 10% sodium chloride solution. The chamber tempera-
ture was room temperature (25 °C). In addition, the subsequent reaction process
was unchanged, with argon turned off for the first 20 min, then turned on and
continued for 80 min.

The DI water was replaced by deuterium water to further trace the process
of Si0, surface functional group change by introducing isotopes. The chamber
temperature was room temperature (25 °C). Unreacted SiO, was used as the blank
group, and argon was used as the carrier gas. The whole process was recorded
with a FT-IR spectrometer, once a minute, for 50 min.

Then, 0.5 g Si0, nanoparticles were placed flatin a D,0 vapor environment to
achieve the interchange of solid surface hydroxyl groups with deuterium hydroxyl
groups and left to rest for 60 min. Subsequently, 0.15 g of the treated powder
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was taken into a sealed chamber with a reaction temperature of 25 °C and a
carrier gas of argon (wetted with D,0). The whole process was recorded with a
FT-IR spectrometer, once a minute, for 50 min.

Effects of Surface Hydroxyl Groups on ROS Generation. XPS was used to charac-
terize the surface group changes of the Si0, nanoparticles before and after the flow of
water vapor. XPS was performed on a multifunctional imaging electron spectrometer
(ESCALAB 250XI, Thermo) using monochromatized Al Ka radiation (1486.6 eV). The
potential changes of the glass substrate surface before and after the flow of water vapor
were obtained by KPFM experiments. Experiments were performed on a commercial
AFMinstrument(Multimode eight Bruker, USA). NSC 18 (MikroMash, USA; Au coated;
tip radius: 25 nm; spring constant: 2.8 N m™") was used as the conductive tip here.

Data, Materials, and Software Availability. All data are included in the man-
uscript and S/ Appendix. And the publicly available link: https://github.com/
YuXia19/Yu-data (40).
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