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Controlling and monitoring interfacial chemical reactions is crucial for electrochemistry and photo-
chemistry. Here, we developed a new type of interface-sensitive magnetic resonance technique by
combining qPlus-based scanning probe microscopy (SPM) and quantum sensing based on a single
nitrogen-vacancy center near the surface of a diamond. Using this technique, we investigated water
dissociation at the hydrophilic diamond surface and monitored its elementary steps, including electron
transfer, bond breaking, as well as water and hydrogen diffusion. The SPM tip was used to locally inject
electrons into the interfacial water, and the resulting hydrated electrons (e@q)) were found to have specific

configurations at the interface with a hyperfine interaction of about 28 MHz, which agrees with density-

functional theory calculations. We observed that €aq) CaN induce water dissociation and the reaction

product hydroxides diffuse ~2.3 times faster than water molecules. The diffusion coefficients of water and
the reaction product hydroxides at the interface are about 3 orders of magnitude smaller than those in the
bulk phase, but their ratio almost remain the same. These results show that the combination of SPM and
quantum sensing provides a new platform to reveal the detailed electronic and nuclear processes of

interfacial chemical reactions with nanometer resolution.

DOI: 10.1103/gpcy-Inc2

Controlling and monitoring the elementary steps of
interfacial chemical reactions from a microscopic view is
highly demanding as it is essential both for revealing the
underlying mechanisms and promoting the efficiency of
various processes in heterogeneous catalysis. However,
achieving this goal presents a great challenge, requiring an
interface-sensitive technique with the ability of chemical
identification. Surface-enhanced Raman spectroscopy [1]
and sum-frequency generation spectroscopy [2,3] can be
highly interface-sensitive but suffer from spatial averaging.
Accordingly, scanning probe microscopy (SPM) stands
out due to its exceptional capability for manipulating and
investigating chemical reactions even at the single-
molecule level [4]. SPM-based techniques such as inelastic
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electron tunneling spectroscopy [5,6] and tip-enhanced
Raman spectroscopy [7,8] can recognize different isotopes
and chemical bonds at the nano and atomic scale. However,
all these interface-sensitive techniques rely on the vibration
modes of chemical bonds that have a large cross section of
inelastic scattering with the tunneling electrons or photons,
thus limiting their applications in molecules with specific
electronic structures or symmetries. In addition, those
vibrational techniques cannot directly detect unpaired
electrons, such as radicals or reducing agents, in the
intermediate products, that play an important role in
elucidating the cycles of chemical reactions.

Nuclear magnetic resonance (NMR) and electron spin
resonance (ESR) are widely used in analyzing the elemen-
tary components of molecules as well as chemical reac-
tions, but conventionally, they are not interface-sensitive.
Recently, NMR and ESR have been successfully realized
with nanoscale resolution. The technique is based on the
detection by the nitrogen-vacancy (NV) centers in dia-
monds [9-13], achieving high sensitivity up to single

© 2025 American Physical Society
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(a) A sharp conductive tip was approached to the diamond surface, then pulled up the electrons (blue sphere) from the diamond

and controlled the H,O dissociation. A shallow NV center with nanoscale detection volume (translucent hemisphere) was used to apply
the nanoscale ESR and NMR and identify the intermediate and final product of the H,O dissociations. Atomic force microscope signals
are labeled as 1 and 2. (b) Energy level showing the mechanism of surface doping by the strong local electric field of the tip. With a
532-nm laser (green wave), the electrons at the donor level (purple line) were activated into the conduction band, pulled up to the

surface, and doped into the hydration layer with a large reduction potential. The electrochemical reaction potential fore™ + H,O — e

aq)

is marked by a red line. Ef, E,,., and Exgg denote the Fermi level, vacuum level, and absolute energy of normal hydrogen electrode,
respectively. (c) The schematic shows the process of H,O dissociation, where the reaction paths of H,O and its dissociated products

under different tip biases are presented.

electron and nuclear spins through advanced quantum
sensing techniques [14—17]. Meanwhile, benefitting from
the atomic size and the dipolar interactions [10] (falling as
~1/r%), a shallow NV center brought in proximity to the
diamond surface allows for probing the chemical shift of
various species [10,12,18] within a detection volume of
only several nanometers at ambient conditions. However, it
has not been possible to resolve the elementary steps of
chemical reactions by N'Vs due to the lack of capability to
locally trigger and control chemical reactions. One prom-
ising way to solve this problem is to use the tips of a
scanning probe microscope.

Here, we demonstrated the nanoscale control and char-
acterization of chemical reactions using our homemade
scanning quantum sensing microscope under ambient con-
ditions [19] [see Supplemental Material (SM) [20] ], which
combined both qPlus-based SPM and NV-based quantum
sensing. We chose to investigate water (H,O) dissociation at
the solid-water interface as it is an exemplary reaction of
great importance in electrochemistry and photochemistry. In
this system, a sharp conductive SPM tip with a strong local
electric field was applied to trigger the H,O dissociation in
the hydration layers at the nanoscale on the diamond surface,
where the electrons from the defects of the diamond were
photoactivated and pulled out to the diamond surface [51].
Simultaneously, the shallow NV center beneath the diamond
surface served as a sensor to monitor the reaction processes,
including the electron transfer, bond breaking, and hydrogen
diffusion at the interface. After injecting the electrons into the
adsorbed hydration layers, we detected the hydrated elec-
trons (e@q>) [52,53] through double electron-electron reso-
nance (DEER) [54] and their successive products of
hydroxides (OH™) or radicals (OH-) through nanoscale
NMR. These results showed that the combination of SPM
and shallow NV centers opens up new possibilities to

investigate unprecedentedly detailed processes of interfacial
chemical reactions with nanometer resolution.

Figure 1(a) shows the schematics of the experimental
setup. A diamond with an oxygen-terminated hydrophilic
surface after acid treatments was placed under the tip of the
homemade scanning quantum sensing microscope. It has
been confirmed that the hydration layer exists on an
oxygen-terminated diamond surface at ambient conditions
[11,13,18]. Shallow NV centers were created by overgrow-
ing the boron-doped sacrifice layers before ion implantations
(see SM [20]), leading to high-quality NV centers capable of
nanoscale NMR [55]. The SPM tip was assembled on a
qPlus-type force sensor [56], which can work stably even
under aqueous conditions [57]. A magnetic field was applied
along the axis of the NV center, and the laser and microwave
pulses were used to read out and control the quantum state of
NV. A sharp tungsten tip with a large positive bias voltage
was used to locally dope the surface hydration layers near the
shallow NV centers [51,58], where the tip bias was well
isolated from the atomic force microscope electrodes (see
SM and Fig. S1 [20]). Because of the small oscillating
amplitudes of the qPlus sensor (hundreds of pm), the biased
tip would bring negligible electric noise to shallow NV
centers during the experiments [51]. In our case, the tip was
not coated with an insulating layer, since the diamond is an
insulator, and no reference or counter electrodes were applied
as in an electrochemical cell (see SM [20]) [59].

The energy level of the NV center lies 2.9 eV above the
valence band within the band gap (5.5 eV) of a diamond [60].
For an oxygen-terminated diamond surface, the vacuum
level is ~1.7 eV above the bottom of the conduction band
[61]. When the NV was illuminated by a 532-nm (corre-
sponding to 2.33 eV) laser, the unpaired electrons of the
defects (donors) introduced during the NV growth were
ionized into the conduction band through a two-photon
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process [Fig. 1(b)] [51]. With the assistance of the tip’s strong
local electric field, the activated electrons can be pulled onto
the diamond surface and transferred to the hydration layers
with a large reduction potential (~— 4.8 eV) versus the
normal hydrogen electrode, which lies ~4.4 eV below the
vacuum level [62]. In this case, €aq) WS produced through

e~ +H,0 - €aq) [62] and induced a series of chemical

processes as depicted in Fig. 1(c). Redox reaction can easily
occur owing to the strong reducibility of €a) [53,63,64]:

2H,0 + 2e@q) — H, + 20H". In this case, the accumula-
tion of OH™ on the diamond surface induced the upward
band bending and depleted the NV~ (without specific
statements, NV represents NV~ for convenience in this
Letter) to a nonfluorescent NV state, which we denoted as
the benchmark of surface doping through the SPM tip (see
SM and Fig. S2 [20]) [51]. As the tip’s voltage further
increased, the OH™ can dissociate into a free electron and a
hydroxyl radical (OH-): OH™ — OH - +e~, under a strong
electric field at the level of V/nm [65,66]. In this case, the
electrons were released back into the surrounding aqueous
environment and produced the €aq) again. At the same time,

the product of OH- was unstable and supposed to produce
hydrogen peroxide [65]: 20H- — H,0,, and further dis-
sociated into H,O and oxygen: 2H,0, — 2H,0 + O,.
The tungsten tip can be positioned over the NV center
through the quenching effect [Fig. 2(a)] [67]. By contin-
uously monitoring the NV’s fluorescence when scanning
the tip around, a drop in fluorescence occurred when the tip
was close to the NV center. Because of the sharpness of the
SPM tip, these interactions can, in principle, be controlled
with a nanometer spatial resolution, which is determined by
the tip’s electric-field distribution (Figs. S3 and S4 [20]).
Here, we used the charge state of NV as the electric-
field sensor. We mapped the charge state transition [51] of
NV under different tip biases [Fig. 2(b)]. First, nonflor-
escent NVT was generated due to the accumulated negative
charges such as OH™, as a result of tip-induced H,O
dissociation. Then, a positively biased tip scanned around
the same NV and locally recovered its fluorescence through
the tip-induced band bending effect. The qPlus signal was
also monitored simultaneously, albeit showing no obvious
features that correlate with the charge accumulation after
H,O dissociation because the quality factor and force
sensitivity of qPlus are limited under ambient conditions.
To investigate the unpaired electrons such as €a) caused

by the surface doping, we applied the NV-based DEER
spectroscopy [54], as illustrated in the upper panel of
Fig. 2(c). A spin-echo sequence (marked in blue) was
applied to decouple the NV from the unwanted magnetic
noise in the environment, where an extra microwave 7
pulse (marked in orange) was used to selectively flip the
target electron spins. When the frequency of the extra z
pulse was resonant with the electron spins, the measured
fluorescence of the NV after the DEER sequence was
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FIG. 2. (a) Positioning the tip over an NV center through the
quenching effect. The line profile shows a positioning accuracy of
54 nm. (b) Charge state transition mappings of a single NV at
different tip biases. The bright region shrinks with the decreased
tip bias, indicating the decreased field strength of the SPM tip.
Data were acquired with a laser power of 15 pW. Scale bar: 50 nm.
(c) DEER of a shallow NV center with (red curve) and without
(blue curve) e(_aq). With e(_aq>, fo = 1.544 GHz remains, and two
shoulders appear at f; =1.513 GHz and f, = 1.574 GHz. The
frequency is shifted according to: §f = f — f for clarity. The
delay time was fixed at 10 ps. (d) Distribution of the calculated
|A,,| between protons in H,O and €ag) showing a maximum of
around 28 MHz. The blue curve is used to guide the eye. Inset: one

of the simulated structures of €q) caged by 64 H,O molecules.

reduced due to decoherence caused by the magnetic noise
of these electron spins. The blue curve in Fig. 2(c) shows
the typical DEER spectrum of a shallow NV center, with a
resonance peak (f,) consistent with the Larmor frequency
of the electron spins of g = 2 (1.544 GHz under a magnetic
field of ~550 Gauss), which is attributed to the unpaired
electrons of the near-surface defects in diamond [54,68].
After positioning a tip with a large positive bias (+45 V)
around the shallow NV, the DEER spectrum shows an
overall broadened feature (red curve) with two shoulders
centered around 1.513 and 1.574 GHz (marked by f; and
f2), which indicates an extra interaction such as the
hyperfine interaction between the nuclei spins and these

unpaired near-surface electrons. To confirm that the €aq)

were produced by pulling the electrons from the diamond
defects by the tip, we also applied the DEER under various
bias voltages (see SM and Fig. S5 [20]).

Figure 2(d) shows one representative hydrated configu-
ration of €aq) in bulk water sampled by ab initio molecular

dynamics (AIMD) simulations and the calculated hyperfine
interaction strength A,, between the protons and €aq) of ten

representative hydrated configurations by density-func-
tional theory in the absence of an external magnetic field
(see SM [20]). It can be seen that there is a slight preference
in the distribution of |A,,| of around 28 MHz, which is
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(a) Correlation data using XY8-4 of a single NV under different tip biases. The oscillation is consistent with the protons’

Larmor frequency, with a decayed envelope caused by the diffusion of protons in H,O and OH™. The fitting of T};z.;ime Was described in
SM [20]. (b) Diffusion coefficients of protons at different tip biases, the shaded areas denote the experimental error. (c) Diffusion
coefficients of protons in H,O and OH™ measured by three NVs at the diamond surface. The ratio of proton diffusion coefficients in
interfacial H,O and OH™ is consistent with that in the bulk phase (the dashed line). This proves that a correlation measurement can be

used to identify the OH™ at the nanoscale.

attributed to the protons within the radius of gyration of
€aq)? quantitatively consistent with the shoulder peaks

shown in Fig. 2(c). It is worth noting that the water
structure at the hydrophilic diamond surface should be
more ordered than the bulk phase [1,69], which may lead to
more specific hydrated configurations of €aq) and pro-

nounced peak splitting in DEER measurements.

The products of H,O dissociation, OH™, have no net
electron spin magnetic moment, thus showing no signals
in the NV-based ESR spectroscopy. However, we can
probe the diffusion dynamics of OH™ by the nanoscale
NMR based on the correlation spectrum [70,71], which
resembles the nuclear free induction decay in conventional
NMR (see SM and Fig. S6 [20]). Figure 3(a) shows
the correlation spectra of a shallow NV with and without
surface electron doping. The period of the oscillation
is consistent with the proton’s Larmor frequency
(~1.30 MHz) under a magnetic field of 305 Gauss, which
can be further confirmed by the power density spectrum
through fast Fourier transform (Fig. S7 [20]). Since the
free induction decay of proton spins in liquid water or
adsorbed hydrocarbons is in the range of 0.1-10 ms
[12,72,73], the decayed envelope of only several tens of
ps should result from the limited lifetime of the diffusive
protons in H,O or OH™ within the nanometer-size detection
volume of NV center [71] (Fig. S7 [20]) at room temper-
ature. With the measured lifetime, we can quantitatively
calculate the diffusion coefficient of protons in H,O or OH~
at the diamond surface (see SM [20]) [12,74]. According to
the Grotthuss mechanism, OH™ in water can diffuse through
the hydrogen-bonding network by repetitively breaking and
reforming O—H bonds between neighboring H,O mole-
cules, with a diffusion coefficient ~2.3 times that of H,O
[75,76]. Therefore, at the high concentration of OH™, the
measured coefficient of the protons should be dominated by
the diffusion of OH™.

After heavily doping the surface around the NV center,
we found that the lifetime of protons decreased from
29.0 (blue curve) to 6.8 ps (red curve), indicating an
enhanced proton diffusivity compared to that before doping
[Fig. 3(a)]. Correspondingly, the power density spectrum
(Fig. S7 [20]) gives a broadening of the Lorentz linewidth
from 18.3 to 45.5 kHz. These results imply the existence of
OH™ as aresult of tip-induced H, O dissociation. Figure 3(b)
shows that the measured diffusion coefficients of protons
increased at the larger tip bias, indicating the increased
concentration of OH™ at the interface. Figure 3(c) shows the
measured proton diffusion coefficients before (dominated
by H,0) and after (dominated by OH™) doping the diamond
surface by three NVs. Interestingly, the ratio of proton
diffusion coefficients in H,O and OH™ at the diamond
surface is consistent with that in the bulk phase [denoted by
the dashed line in the lower panel of Fig. 3(c)] [75,76]. The
faster diffusion of OH™ relative to H,O was also confirmed
by the AIMD simulations (see SM and Fig. S8 [20]). It is
worth noting that the diffusion coefficients of protons we
observed were 3 orders of magnitude smaller than those in
bulk water [76], possibly resulting from the oxygen termi-
nation on the hydrophilic surface in our case. The sup-
pressed proton transfer at the interface was also confirmed
by the AIMD simulations (Fig. S9 [20]).

Furthermore, the lifetime of proton spins rises to 13.3 ps
under a larger bias voltage of +80 V [green curve in
Fig. 3(a)]. This is attributed to the ionization of OH™ into a
hydroxyl radical OH- and a free electron, which again
becomes €aq)" The ionization of OH™ requires a large

electric field at the level of V/nm [66], which is achievable
for the sharp tungsten tip used in our experiments [51].
Such a process could decrease the concentration of OH™
and suppress the proton transfer within the hydrogen bond
network of H,O, leading to a narrowing of the NMR
resonant peak (Fig. S7 [20]).
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FIG. 4. The schematic shows the proposed application of
combining qPlus-SPM and N'V-based quantum sensing to control
and investigating the unprecedentedly detailed processes of
chemical reactions at the solid-liquid interface, such as in
electrochemistry and photochemistry, with nanoscale resolution.
Within a liquid cell, various 2D materials can be used as a model
interface. The SPM tip can not only characterize the active sites
but also trigger the interfacial interactions (P 4+ ne™ < Q, where
P and Q represent the reactants and products, respectively) by
injecting high-energy electrons (denoted by the purple arrows)
with high accuracy either through tunneled electrons from a
conductive surface or photoactivated electrons from an insulating
surface. Meanwhile, the NV-based nanoscale ESR or NMR is
used to monitor the electron transfer in each reaction step, to
identify the reaction (intermediate) products, and to analyze the
diffusion dynamics of the products and solvents. WE, RE, and CE
denote the working electrode, reference electrode, and counter
electrode in the future application of electrochemistry.

Diamond

To further confirm the existence of OH™ after H,O
dissociation, we performed a voltammetry measurement
[59] on the diamond surface with evaporated electrodes and
observed the features of electrochemical etching (see SM,
Figs. S9 and S11 [20]). To confirm that the protons
measured by the NV come from the H,O instead of the
hydrocarbons from the atmosphere, we applied the nano-
scale NMR measurements on the hydrophobic diamond
surface and barely found the signal of proton spins (see
SM, Figs. S12, and S13 [20]). The hydrophobicity of
the diamond surface was also confirmed by the dissipation
measurements based on the gPlus sensor (see SM and
Fig. S14 [20]).

Our technique opens up new possibilities for probing and
manipulating elementary steps of chemical reactions at
different liquid-solid interfaces, such as in electrochemistry
and photochemistry. For example, as sketched in Fig. 4,
within a liquid cell, instead of the hydrophilic diamond
surface in this Letter, various 2D materials can be trans-
ferred onto the diamond surface and used as a model liquid-
solid interface to investigate the chemical reactions. In this
case, the SPM tip can be used as a nanoscopic handle to
locally trigger the interfacial reactions by injecting high-
energy electrons in a well-controlled manner. Meanwhile,
the N'V-based nanoscale ESR and NMR spectroscopies are
employed to monitor the electron transfer in each reaction

step, to identify the reaction (intermediate) products, and to
analyze the diffusion dynamics of the products and
solvents.
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