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neration of hydroxyl and hydrogen
radicals from H+/OH− pairs caused by water–solid
contact electrification†
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Water–solid contact electrification is a common physical phenomenon involving interfacial electron and

ion transfer, recently discovered to trigger unique redox reactions. Here, we demonstrate the generation

of both hydroxyl and hydrogen radicals when water contacts SiO2. The coexistence of hydroxyl and

hydrogen radicals is confirmed by simultaneous nitrate reduction and nitrite oxidation during the

contact. Increased density of hydroxyl groups on the SiO2 surface enhances its surface electronegativity

before the contact, as well as boosting charge transfer and radical generation during the contact. We

propose that the simultaneous generation of hydroxyl and hydrogen radicals originates from electron

gain and loss between hydroxide anions in water and hydrogen cations adsorbed on the solid surface,

which are ion pairs separated by the interfacial electric field. This discovery advances our understanding

of redox processes induced by contact electrification.
Introduction

Water–solid contact electrication is relevant to a variety of
mechanochemical, environmental, and catalytic processes, as
well as playing a crucial role in chemical synthesis technology
and energy devices.1–6 There is growing evidence suggesting that
this physical stimulus would result in transfer of both electrons
and ions between water and a solid surface,7,8 inuencing
oxidation and reduction reactions at the aqueous interface.9–11

Our previous work demonstrated that the contact between
aqueous microdroplets and the SiO2 substrate causes the
spontaneous generation of reactive oxygen species (ROS) in the
microuidic channel.12 The presence of hydroxyl groups on the
solid surface and their hydrogen bonding network play key roles
in the oxidation chemical processes.10,13 Other researchers
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the Royal Society of Chemistry
reported that the contact between water and poly-
tetrauoroethylene (PTFE) particles in bulk suspension catal-
yses ROS generation from hydroxide anions (OH−) under
ultrasonication.3,6 Moreover, recent work found that the water–
PTFE contact electrication can also lead to continuous
reduction of nitrogen (N2) absorbed on a solid surface by
bubbling the gas into the bulk aqueous suspension.14 These
ndings imply that complex reaction pathways exist during
water–solid contact. Notably, similar spontaneous oxidation
and reduction processes, or even simultaneous redox reactions,
can be caused by the strong electric eld at the surface of the
sprayed water microdroplets.15–20 However, it is not possible to
apply the reaction mechanism in microdroplets to explain the
observation during water–solid contact, since the electric eld
and charge transfer behaviour at the water–solid interface are
completely different compared to the water–gas interface. In
what follows, we present evidence for the simultaneous oxida-
tion and reduction reactions that occurred during water–SiO2

contact electrication. We show that the hydrogen radical and
hydroxyl radical act as the reductant and oxidant, respectively,
triggering opposite but simultaneous redox reactions. Consid-
ering that water loses electrons and solids gain electrons during
contact electrication, OH− ions in water and H+ absorbed on
SiO2 may work as electron donors and acceptors, respectively,
and thus become sources of the radicals during the contact.
Chem. Sci., 2024, 15, 19583–19587 | 19583
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Results and discussion

An ideal water–solid contact model was constructed based on
SiO2 microspheres with a diameter of 60 mm sealed in a home-
made chamber as shown in Fig. 1A. The SiO2 microspheres were
chosen as the solid phase material in order to create a large
contact surface area to initiate a strong enough chemical
process to facilitate subsequent detection.10 We applied water-
carrying argon gas contact with SiO2 to minimize the effect of
bulk water on the reaction process at the contact interface. The
use of argon excluded the inuence of reactive gases such as
oxygen and ozone in our reaction system. Notably, the water-
carrying argon gas was obtained by bubbling the gas through
DI water, which was deionized reagent-grade with a resistivity
larger than 18 MU cm. A ROS-sensitive probe (20,70-dichlor-
odihydrouorescein diacetate, DCFH-DA) and a reductive
species-sensitive water-soluble probe (resazurin) were used to
detect the generation of ROS and reductive species at the water–
solid interface, respectively (shown in Fig. S1†). The uores-
cence probes dissolved in the source water were carried by
argon gas to the SiO2 surface to react with possible ROS and
reductive species. Aer 2 hours of continuous contact between
H2O and SiO2 microspheres, the SiO2 microspheres were placed
on a glass slide for uorescence microscopy measurement.
Typically, red uorescence emission was observed on the SiO2

surface under 570 nm laser excitation (as shown in Fig. 1B),
while green uorescence emission was observed on the surface
of the SiO2 micro-sphere under 488 nm laser excitation (as
shown in Fig. 1C). To rule out the articial error caused by the
uorescence measurement, we compared the uorescence
intensity on the SiO2 surface before and aer the contact. As
shown in Fig. S2,† the uorescence emission from the SiO2

microsphere surface can hardly be observed before the water–
solid contact occurred. These results indicated that both ROS
and reductive species can be generated during contact
Fig. 1 (A) Schematic representation of the experimental setup. (B) A
typical fluorescencemicroscopy image of reductive species generated
on the surface of a SiO2 microsphere. (C) A typical fluorescence
microscopy image of ROS generated on the surface of a SiO2

microsphere. (D) Corresponding ESR result for SiO2 micro-spheres
after contacting with water-carrying argon gas.

19584 | Chem. Sci., 2024, 15, 19583–19587
electrication. Moreover, we carried out electron spin reso-
nance spectroscopy (ESR) to identify the radicals generated
during the contact. As shown in Fig. 1D, the signal from
hydrogen radicals, highlighted by the red “*” symbol, was
observed on the surface of SiO2 microspheres aer the contact.
However, four peaks with a 1 : 2 : 2 : 1 intensity ratio (high-
lighted by the green “�” symbol) appeared, which can be
attributed to hydroxyl radicals.21,22 This result reveals that the
response signals of uorescence probes observed in Fig. 1B and
C can be attributed to the generation of hydrogen and hydroxyl
radicals, respectively.

In order to elucidate the simultaneous generation of
hydroxyl and hydrogen radicals during the contact process, we
contacted moist argon gas carrying both sodium nitrate and
sodium nitrite with SiO2 microspheres and analyzed the reac-
tion products. The ion chromatography measurements were
carried out immediately aer the contact occurred between
water and SiO2. By comparing the NO3

−/NO2
− ratio before and

aer the contact shown in Fig. 2A, we found that the reduction
of nitrate or oxidation of nitrite may happen.23 And the nitrite
and nitrate generation during water–solid contact increased
with the increase of the ow rate of argon gas (Fig. S3†).
Notably, we employed 15N isotopically labeled sodium nitrate
and normal sodium nitrite as starting reactants to distinguish
their products during the contact.24 Their mass spectra are
displayed in Fig. S4.† Aer the contact between water and SiO2

occurred, the 15N isotopically labeled nitrite cation (15NO2
−) was

observed at m/z at 47, while the generation of the nitrate cation
(NO3

−) was conrmed by the peak at m/z 62 (shown in Fig. 2B).
The peaks atm/z 63 andm/z 46 can be attributed to incompletely
reacted starting reactants. By comparing the changes in the
mass spectra before and aer the water–solid contact, it is clear
that 15N isotope-labeled nitrite and normal nitrite are generated
spontaneously and simultaneously during the contact process.

To further understand the above redox reactions, we analyze
the oxidation and reduction during the contact process
Fig. 2 (A) Ion chromatography showing the transformation of NO2
−

and NO3
− before and after the water–solid contact. (B) Mass spectrum

in negative mode showing the oxidation of NO2
− and the reduction of

15NO3
−.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Surface potential of SiO2 samples with different hydroxyl
group density before the contact measured by Kelvin probe force
microscopy (KPFM). (B) The corresponding current density of SiO2

samples with different hydroxyl group density during the contact. (C)
The corresponding ESR spectra of SiO2 samples after the contact
process. (D) Nitrite and nitrate generation during water–solid contact
depending on the density of hydroxyl groups on the SiO2 surface.

Fig. 4 Proposed mechanism for simultaneous generation of
hydrogen and hydroxyl radicals caused by water–solid contact
electrification.
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separately. When moist argon gas containing NaNO3 was con-
tacted with SiO2, ion chromatography measurements indicated
that nitrate was converted to nitrite as shown in Fig. S5.† The
corresponding mass spectra obtained in the negative and posi-
tive modes are displayed in Fig. S6A and B.† The peak observed
in negative mode at m/z 46 further conrms the reduction of
NaNO3 during the contact. Observation of the peak at m/z 63
could be attributed to the intermediate product produced in the
reduction of NO3

− by hydrogen radicals (NO3
− + cH /

NO3Hc−).25 Then the NO3Hc− further reacted with hydrogen
radicals to generate NO3

− (NO3Hc− + cH / NO2c
− + H2O).

Furthermore, in the positive mode, the peak at m/z 36 suggests
that the hydroxyl radical is generated from an ion in the water
during the contact process, regardless of whether the ion is OH−

or the water radical cation.20,26 Replacing water with heavy water
(D2O) gave the corresponding mass spectrum in the negative
mode of deuterated ions as shown in Fig. S7.† Similarly, the
oxidation of NO2

− was conrmed by ion chromatography
measurements and mass spectra shown in Fig. S8A and B.†
Notably, in negative mode, the peak at m/z 63 was hardly
observed during the oxidation process caused by water–solid
contact. We believe that this result provides further evidence for
the participation of hydrogen radicals in the reduction reaction
caused by contact electrication. Moreover, in positive mode, we
calculated the relative peak intensities atm/z 36 representing the
hydroxyl radical generation when using themass spectral peak of
the hydrated sodium ion as an internal standard. The relative
peak intensity atm/z 36 observed during the oxidation of NO2

− is
lower than that obtained during the reduction of NO3

−. This
result further conrmed the generation of the hydroxyl radical
caused by the water–solid contact process and induced the NO2

−

oxidation (NO2
− + 2cOH/ NO3

− + H2O). These observations are
in good agreement with the ESR measurements displayed in
Fig. S9.† Considering the coexistence of hydroxyl and hydrogen
radicals, we believe that both radicals are generated by the gain
and loss of electrons from ion pairs, which are separated by the
electric double layer at the water–solid interface. Importantly,
based on the common sense that electrons are transferred from
water to SiO2 during contact electrication, we conjectured that
the generation of hydroxyl radicals originates from the process of
electron loss by the OH− in water, while the production of
hydrogen radicals is attributed to the process of electron gain by
the H+ adsorbed on the surface of the solid.

To conrm our conjecture, we obtained SiO2 microspheres
with different surface electronegativity by varying the hydroxyl
group density on the solid surface as shown in Fig. 3A and S10.†
We believe that microspheres with high surface hydroxyl group
density can adsorb more H+ when water is in contact with the
solid. Fig. 3B reveals that electron transfer caused by water–
solid contact electrication increased with increasing surface
hydroxyl density. This result could be attributed to more H+

which acts as an electron acceptor during the contact, while
OH− in water is considered to be in excess as an electron donor.
Furthermore, the ESR measurements and ion chromatography
quantitative analysis, as shown in Fig. 3C and D, indicate that
the simultaneous generation of hydroxyl and hydrogen radicals
was enhanced by increasing the charge transfer during contact
© 2024 The Author(s). Published by the Royal Society of Chemistry
electrication. We believe that these ndings provide evidence
for our hypothesis that H+ from the stem layer and OH− in the
diffusion layer at the water–solid interface are responsible for
Chem. Sci., 2024, 15, 19583–19587 | 19585
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the simultaneous reduction and oxidation under the physical
stimuli of the contact.

As shown in Fig. 4, a possible reaction pathway was con-
structed to describe the simultaneous generation of hydrogen
and hydroxyl radicals when water–solid contact occurs.
Firstly, electrons are transferred from water to the solid
surface during the initial stage of the contact (contact elec-
trication), leading to an increase in the electronegativity of
the solid surface. Secondly, the solid surface absorbs H+

ionized from the acidic hydroxyl functional groups, which in
turn forms a double electric layer. Notably, although each
material carries a net charge of either positive or negative
polarity, their surface supports a random “mosaic” of oppo-
sitely charged regions of nanoscopic dimension.27,28 We
speculate that the non-uniform distribution of these charges
during water–solid contact can cause enrichment of H+ in
some regions of the solid surface, which in turn leads to the
formation of a strong electric eld directly between H+ in the
stem layer and OH− in the diffusion layer, causing electrons to
be stripped from OH− and transfer toward the adsorbed H+ on
the solid surface. Simultaneously, a small portion of OH−

loses their electrons and form hydroxyl radicals, while H+

gains electrons and generates hydrogen radicals. Finally, the
hydrogen and hydroxyl radicals together mediate the inter-
facial redox chemical processes.

Conclusions

In conclusion, we report the simultaneous and spontaneous
oxidation and reduction reactions when the contact occurred
between water and the SiO2 surface. We have provided a series
of evidence showing that the redox reactions observed during
the water–solid contact are triggered by hydroxyl and hydrogen
radicals. Importantly, the coexistence of hydroxyl and hydrogen
radicals suggests that their generation can be attributed to
electron gain and loss of OH−/H+ ion pairs, which are separated
by an electric eld at the water–solid interface. We believe that
our hypothesis is applicable to explain the redox processes in
sprayed microdroplets, as well as the observation at the water–
oil interface. Moreover, these ndings might provide new
insight into understanding the redox chemistry in the atmo-
sphere under dark conditions.
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