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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- Interfacial water on the metal surface acts as a physical barrier preventing efficient catalytic performance.

- The MIRS technique is a novel method for fine-tuning interfacial water structures.

- The application of an appropriate MIRS results in a 50-fold increase in the oxygen reduction activity.

- MIRS can provide a new approach for promoting catalysis and energy conversion and development of photodoped nanofluidic
devices.
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Heterogeneous catalysis at the metal surface generally involves the trans-
port of molecules through the interfacial water layer to access the surface,
which is a rate-determining step at the nanoscale. In this study, taking the
oxygen reduction reaction on a metal electrode in aqueous solution as an
example, using accurate molecular dynamic simulations, we propose a
novel long-range regulation strategy in which midinfrared stimulation
(MIRS) with a frequency of approximately 1,000 cm�1 is applied to nonther-
mally induce the structural transition of interfacial water from an ordered to
disordered state, facilitating the access of oxygen molecules to metal sur-
faces at room temperature and increasing the oxygen reduction activity
50-fold. Impressively, the theoretical prediction is confirmed by the experi-
mental observation of a significant discharge voltage increase in zinc-air
batteries under MIRS. This MIRS approach can be seamlessly integrated
into existing strategies, offering a new approach for accelerating heteroge-
neous reactions and gas sensing within the interfacial water system.
INTRODUCTION
Chemisorption processes on metal surfaces in aqueous solutions generally

involve the transport of molecules at the nanoscale, which is the basis of hetero-
geneous catalysis.1–3 In interface chemistry, diffusion along surfaces and inter-
faces is an elementary and often rate-determining step.4–6 The microscopic ki-
netics of a reaction in heterogeneous catalysis are usually governed by the
transport of the reacting species on the surfaces of the catalysts and thus the
speed atwhich these species reach specific siteswhere the catalytic reaction oc-
curs. Interfacial water consisting of networks held together by strong hydrogen
bonds on the metal surface creates a physical barrier for this diffusion process
that hinders the access of the reactant molecules to the active site of the metal
surface.7–9 For example, using molecular dynamics (MD) simulations, a recent
study by Wang et al. revealed that the activity of the oxygen reduction reaction
(ORR) is different on regular and irregular surfaces in aqueous solutions because
of the different adsorption structures of monolayer water (MW).10 Wang et al.
found an enhanced hydrogen evolution reaction on the Pd crystal arising from
the MW layer on the Pd surface using electrochemical, in situ Raman spectros-
copy, and computational techniques.11 Therefore,manipulation of interfacialMW
structures plays a key role in the development of strategies for overcoming the
diffusion barrier faced by gaseous molecules, changing material properties,
and underpinning schemes to accelerate chemical reactions on metal surfaces.

In the past few decades, numerous strategies have been proposed for tuning
the reorientation of water molecules to improve the reaction rate and regulate
surface physical properties through interfacial engineering,12–19 solvent modifi-
cation,20–23 and light control,24–27 but the precise regulation of the interfacial wa-
ter structure is still at a comparatively early stage of development. For example,
while transitionmetal mixing can tune the surface electronic state and thus tailor
the interfacial water structure to enhance the catalytic activity,28,29 design of alloy
ll
nanocrystals with homogeneous configurations is challenging. Enhanced reac-
tion reactivity of interface water can be achieved through a change in the solvent
environment,30,31 which significantly affects the reaction conditions. Recently,
Ahn et al. have shown that coherent light-matter states can control chemical
reactions based on the strong interactions between molecular vibrations and
electromagnetic fields.32 Compared with the other catalytic processes, photoca-
talysis is highly advantageous because it provides precise long-range spatiotem-
poral control.33,34 Evenmore encouraging is the emergence of a large number of
theoretical and experimental studies on the regulation of thermal effects, phase
transitions, structural dissociation, or transport characteristics of water and bio-
logical macromolecules by MIRS in recent years.35–45 Therefore, the develop-
ment of an appropriate light-based technique for precise regulation of the struc-
ture and dynamic properties of interfacial water is vital for improving the
photocatalytic performance of metal surfaces.
Taking the sluggish kinetics of the ORR associated with fuel cells as an

example,46 accurate MD simulations demonstrate that the application of midin-
frared stimulation (MIRS) with a frequency of approximately 1,000 cm�1 can
nonthermally increase the rate of O2 diffusion and access to the metal surface
in aqueous solution at room temperature, resulting in an increase of up to �50
times compared with that in the absence of stimulation. Remarkably, our exper-
imental results confirm the theoretical prediction, verifying the hypothesis that
�1,000 cm�1 MIRS can enhance the ORR performance at themetal-water inter-
face. Based on the comparison of the collective vibration spectra (CVS) of bulk
water (BW) and MW, this nonthermal effect is attributed to the fact that BW
hardly absorbs the MIR electromagnetic radiation at 1,000 cm�1, whereas the
MW on the metal surface can strongly absorb the waves at this specific fre-
quency via a resonance mechanism, resulting in the breaking up of the MW
H-bond network that repels the O2 and prevents it from approaching the surface,
accordingly promoting the O2 adsorption rate. These findings are of general sig-
nificance for understanding the spectral features of interfacial water and
increasing the ORR activity of metal surfaces via MIRS.

RESULTS AND DISCUSSION
Regulatory effect of MIRS on the coadsorption of water and O2 on metal
surfaces
Conventionally, the ORR activity of metal catalysts can be improved by

increasing the probability of O2 reaching the surface. However, it is important
to note that the presence of a robust and ordered MW network inhibits the
adsorption of O2 on fcc(100) metal surfaces.9,10,47 Previous reports have clearly
revealed that appropriate MIRS can regulate the structure and dynamic proper-
ties of water/biomacromolecules via resonance mechanisms.37–39,41,42,44,45

Here, we investigated the influence ofMIRS on the coadsorption of water and ox-
ygen molecules on the fcc(100) metal surface (Pt as an example) via accurate
MD simulations with an interface force field (IFF)48–50 (calculation details in
the supplemental information for classical MD simulations), which exhibits
extremely high accuracy in simulating the interactions between fcc metals and
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Figure 1. Application of specificMIRS at a frequency
of approximately 1,000 cm�1 can accelerate the
adsorption of O2 onto metal surfaces, consequently
increasing the catalytic reaction rate (A) Snapshots
of water (red and white) and O2 coadsorption on a
Pt(100) surface are depicted in side and top views in
the presence and absence of MIRS. The Pt atoms, O2

molecules, and hydrogen bonds (dashed lines) are
shown in tan, green, and blue, respectively. (B) Evo-
lution of the number of the O2 molecules adsorbed on
the Pt(100) surface during the simulation time period.
The red and black lines correspond to simulations
conducted with and without (w/o) MIRS, respectively.
(C) Free energy profiles of O2 near the Pt(100) surface
in aqueous solution with (red) and without (black) the
external MIRS.
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water, particularly with regard to density, surface energy, and interface energy.49

Interestingly, Figure 1A shows that a considerable amount of O2 can diffuse to
the Pt(100) surface under MIRS with a frequency of 1,000 cm�1 (�30 THz)
and a strength of 2.0 V/nm. For more details, please see Note S2 and Video
S1. The simulations also revealed that, by contrast, O2 hardly breaks through
the MW layer to diffuse onto the Pt(100) surface in the absence of MIRS, which
is in accordance with previous studies.10 For clarity, the side- and top-view
sketches of H2O and O2 molecule adsorption on Pt(100) are shown in the illus-
tration in Figure 1A. To quantify the activity of O2, Figure 1B displays the evolution
of the number of O2molecules adsorbed on the Pt(100) surface during the 20-ns
simulation time. The red curve showsa small fluctuation in the number density of
O2 adsorbed on the Pt surface under theMIRS, while the black curve implies that
the adsorption of O2 onto the surface is a low-probability event in the absence of
MIRS. According to the results presented in Figure 1B, the average absorption
densities are approximately 2.8 ± 0.1 and 0.02 ± 0.01 nm�2 in the absence
and presence of MIRS, respectively. The sharp contrast between these two
values indicates that MIRS is highly effective for the regulation of O2 diffusion
onto Pt(100) electrodes in aqueous solution.

To reveal themechanism by whichMIRS enhances the O2 adsorption rate, we
performed guidedMD simulations (see supplemental information for free energy
calculations) to estimate the free energy profiles of O2 near the Pt(100) surface in
aqueous solution (as shown in Figure 1C). Without external MIRS, a significant
free energy barrier of up to �5.3 kcal/mol must be overcome for oxygen mole-
cules to diffuse onto the Pt surface; this barrier is considerably larger than the
thermal motion energy of O2 (�1.5 kcal/mol, as evaluated by the equipartition
theorem) at room temperature; this explains why it is difficult for O2 to break
through the MW network and then diffuse onto the Pt(100) surface in the
absence ofMIRS (see Figure 1B). By contrast, underMIRS, the free-energy barrier
is notably reduced to �2.9 kcal/mol, which can be overcome by O2 with high
probability with the aid of thermal fluctuations. These results provide direct evi-
dence that a near-perfectly ordered MW connected by an in-plane hydrogen
bonding network can almost completely prevent O2 from approaching the
Pt(100) surface. Fortunately, this protective MW membrane can be disrupted
and transformed into a disordered state by the application of an appropriate
MIRS, resulting in the loss of its protective function (additional discussion in
Note S3). Notably, the Arrhenius law10 establishes a relationship between the re-
action rate k in thermodynamics and the activation energy Ea , i.e., kfe�Ea=kBT ,
where kB is the Boltzmann constant and T is the temperature. This formula im-
plies that a difference of 2.4 kcal/mol (Figure 1C) in the energy barrier between
the system with MIRS and system without MIRS results in a 50-fold increase
in the reaction rate. In addition, for the simulations with applied 1,000 cm�1

MIRS, the average temperature of the system can be maintained at �300 K
by the Langevin thermostat (Note S4). These findings suggest that appropriate
MIRS will be a powerful tool for non-thermal enhancement of the ORR activity
of metal catalysts in aqueous solutions.
2 The Innovation 6(1): 100754, January 6, 2025
Experimental verification of the enhanced
oxygen adsorption rate on Pt/C electrode
surfaces under MIRS

To verify that MIRS can enhance the ORR per-
formance of the water-metal interface, we de-
signed an optical path for the controlled irradia-
tion of MIRS into the air electrode of a zinc-air
battery (shown in Figure 2). More experimental details can be found in Note
S1.2. We applied a quantum cascade laser (QCL) to generate a frequency-adjust-
ableMIRS coupledwith a green guide laser to precisely target the irradiation onto
the Pt/C electrode from the left (Figure 2A), where themorphology and elemental
mapping analyses of the Pt/C electrode are shown in Figure 2B. During the exper-
iment, the thermal impact of MIRS on the Pt/C electrode was evaluated via Four-
ier transform infrared spectroscopy. Through monitoring, it was found that the
local temperature on the electrode surface changes slightly under MIRS at
room temperature (Note S5). As displayed in Figure 2C, a relatively weak absorp-
tion at 1,000 cm�1 suggests a smaller temperature rise than that of MIRS within
the 1,100–1,150 cm�1 range. Furthermore, we also observed a discharge
voltage difference of 10 mV between the use of the electrolyte with ambient sol-
uble oxygen and that with saturated dissolved oxygen (Figure 2D). Examination
of the dependence of the discharge voltage increase on the MIRS frequency
under ambient soluble oxygen shows that our results are consistent with the
theoretical predictions, indicating an ORR performance enhancement caused
by 1,000 cm�1 MIRS. Importantly, this enhancement reproduces the impact of
increased dissolved oxygen concentration in electrolyte to reach a saturated
state (Figures 2D and 2E). Analysis of the discharge voltage increase, laser
powerwith varying MIRS frequency and infrared (IR) spectrum shows that
despite the lower MIRS power and IR absorbance at 1,000 cm�1, there is a
notable increase in the discharge voltage compared with the frequencies in
the 1,100–1,150 cm�1 range (Figures 2C and 2F). Therefore, MIRS with a spe-
cific frequency significantly and nonthermally enhances ORR performance.

Calculation of the CVS of the MW on the Pt(100) surface via MD
simulations
The increased adsorption capacity of O2 onto Pt(100) surfaces in aqueous

solution through 1,000-cm�1 MIRS regulation is closely related to the unique
IR absorption of the MW. Hence, we investigated the IR spectra of interfacial
water on an fcc(100) metal model surface, i.e., a Pt(100) surface (Figure 3A).
Initially, we performed calculations to determine the density distributions of
interfacial water, g(z), as a function of the z coordinate (shown in Figure 3B).
The g(z) profile reveals the presence of four distinct regions within interfacial
water: the 1st (0 < z % 4 Å), 2nd (4 < z % 7 Å), 3rd (7 < z % 25 Å), and 4th
(z > 25 Å) regions. Notably, the 1st region has a peak width of �3 Å, clearly
distinguishing the existence of the MW, as observed in Figure 3A. For greater
clarity, the top view of theMW forming a quasirhombic H-bond network struc-
ture is also shown in the inset of Figure 3B. This MWwith a quasi-two-dimen-
sional structure should correspond to a characteristic spectrum in the CVS
band. Therefore, we calculated the IR spectrum of the MW via the autocorre-
lation function (see supplemental information for the calculation of the IR
spectrum). For comparison, the BW spectrum is also presented in Figure 3C,
where the black (IBWtotal) and red (IMW

total) curves represent the spectral intensities
of the MW and BW, respectively. Notably, the CVS band of IBWtotal , generally
www.cell.com/the-innovation
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Figure 2. Electrochemical experiments substantiate
the proposal that MIRS at a frequency of 1,000 cm�1

nonthermally facilitates the ORR process (A) Sche-
matic illustrating the optical path and electrochemical
reaction process in the experimental setup, featuring
a frequency-adjustable quantum cascade laser (QCL)
as the light source and a zinc-air battery as the
experimental sample. (B) Morphology and elemental
mapping analyses of the Pt/C electrode. (C) Infrared
absorption spectroscopy characterization of the Pt/C
electrode. (D) Based on the constant current
discharge, the discharge voltage of the zinc-air battery
is recorded in the instances involving ambient soluble
and saturated dissolved oxygen within the electrolyte.
(E) MIRS at a specific frequency significantly en-
hances the discharge voltage of the battery. (F) En-
hancements in the discharge voltage induced by
MIRS, together with variations in laser power, are
observed with the changes in the laser frequency. The
error bars were evaluated on the data obtained from
three parallel experiments.
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reproduces the previous theoretical and experimental results,51,52 albeit with
slight differences attributed to the use of different force fieldmodels. In sharp
contrast, a clear difference can be observed between the IMW

total and IBWtotal spec-
tral profiles in the CVS band (u < 1,200 cm�1). Therefore, our subsequent
analysis of the spectrum will focus on the CVS band. As displayed in Fig-
ure 3C, the CVS band of IMW

total is split into a dominant fingerprint peak
(F peak) centered at approximately 1,000 cm�1 and an accompanying sub-
A B

DC

ll The
peak (S peak) centered at approximately
600 cm�1. This narrow F peak is clearly far
from the half-peak width range (approximately
400–800 cm�1) of the CVS peak of IBWtotal ; this
implies that the MW has strong light absorp-
tion capacity for 1,000 cm�1 MIRS, whereas
the corresponding absorption by BW is quite
limited. MD simulation revealed significant
changes in the average number of H-bonds
and the degree of order of the water molecules
in the 1st region under 1,000 cm�1 MIRS,
implying the transition of the MW from an or-
dered to a disordered structure (Note S6).
Notably, additional calculations demonstrate that variations in the electrolyte
pH have only a negligible effect on the absorption spectrum of confinedwater
(more discussion in Note S7).
To analyze the CVS feature of theMW,we further decompose the overall spec-

trum (IMW
total) into the normal and horizontal directions (see inset of Figure 3C).

Figure 3C shows that the F peak appears only in the IMW
normal spectrum but is

completely absent in the IMW
horizontal spectrum. This result clearly indicates that
Figure 3. Structural and spectral properties of water
on an fcc(100) hydrophilic metal surface (A) Side-
view snapshot of a water film with a thickness of
approximately 3 nm on a Pt(100) model surface. Tan,
red, and white spheres denote platinum, oxygen, and
hydrogen atoms, respectively. (B) Water density dis-
tributions g(z) as a function of the distance z between
the water molecules and the surface along the z di-
rection. (C) IR spectra of bulk water (BW) and mono-
layer water (MW) on the surface. The black and red
curves represent the overall spectra of the BW and the
MW, and the green and blue curves represent the
spectra of the MW in the normal and horizontal di-
rections (see inset), respectively. (D) IR spectra of
interfacial water in the 1st, 2nd, 3rd, and 4th regions
below 1,200 cm�1. Insets: sketches of the rock, twist,
and wag modes.
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Table 1. Frequencies of libration modes for different type of water

Type of water
Binding energy
(kcal/mol) Rock (cm�1) Twist (cm�1) Wag (cm�1)

Bulk water 20 520 640 880

Monolayer
water

28 610 760 1,040
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the F peak ismainly due to the out-of-plane vibration of theMWalong the normal
direction.Moreover, we also calculate the interfacial water spectrum for the other
three regions below 1,200 cm�1. As shown in Figures 3D, a sharp F peak is
observed only in the spectrum profile of theMW in the 1st region. These findings
provide clear evidence that 1,000 cm�1 MIRS can precisely regulate the struc-
tural and dynamic properties ofMWs on Pt(100) surfaceswhile avoiding thermal
effects in aqueous solutions.

Calculating the frequency of libration modes of water via the harmonic
oscillator equation

Next, we sought to identify the vibrational modes corresponding to the F peak
and S peak of the MW spectrum. Libration vibrations (including rock, twist, and
wag) originate from the hindrance of the rotational motion of water molecules
by the restoring force,53 which is proportional to the binding energy of water mol-
ecules. To quantitatively estimate the resonant frequencies for the three libra-
tional modes, we employed the harmonic oscillator model equation:37,54 Eb =

Ið2pcuÞ2/2, where Eb is the average binding energy, I is the moment of inertia
of the water molecule along a specific Cartesian axis (see inset of Figure 3D),
c is the speed of light, and u is the vibration frequency. As shown in Table 1,
the Eb of the interfacial MW on the model surface is estimated to be
�28 kcal/mol, which is much greater than the value for BW (�20 kcal/mol).55

Consequently, the wag frequency of the MW is predicted to be approximately
1,040 cm�1, which is close to the F peak center position (�1,000 cm�1) in Fig-
ure 3D. Similarly, the frequencies of the rock (610 cm�1) and twist (760 cm�1)
librations are also near the position of the S peak. Based on these observations,
we inferred that the F peak is due to the wagmode and the S peak is mainly due
to the coupling of the rock and twist modes (as shown in the inset of Figure 3D).
Due to the robust planar structure of the MW, the out-of-plane vibration of water
molecules requires less energy compared with the in-plane vibration, which
needs to overcome the strongH-bond binding. As a result, the spectrum intensity
of the F peak, dominated by the out-of-plane vibration (wag), is greater than that
of the S peak, which corresponds to the suppressed in-plane vibration (rock or
twist). More details for the libration modes of water are provided in Note S8.

Estimation of the CVS of the MW using classic MD simulations with
polarized-Pt model and first-principles MD simulations

It is important to discuss the influence of the force field on the CVS ofMWon
Pt(100). Basedon the simulation setup inFigure3A,wemodified thenonpolariz-
able Pt model to a polarizable model with the force field parameters developed
by Wang et al.10 In brief, the Pt atom is transformed to a positive core with a
charge of +1e and a dummy electron with a charge of –1e connected by a har-
monic spring. A snapshot of the new simulation system with the polarized Pt
model is shown in Figure 4A. Using highly accurate MD simulation with the
IFF, we re-evaluate the CVS of the MW on the polarized Pt(100) surface. Fig-
ure 4B shows that the CVS profiles of MWs for the polarizable and nonpolariz-
able Pt(100) surfaces are highly consistent. Furthermore, we also performed
first-principles MD simulations with the neural network potential developed us-
ing the machine learning approach. A snapshot of this simulation is shown in
Figure 4C, and more details about the first-principles neural network MD simu-
lations are provided in the supplemental information. In Figure 4C, the density
distribution profile of first-layer water shows two adjacent peaks located at
8.2and8.9Å along thenormal directionof thePt surface,whichagreeswithpre-
vious results obtained through quantummechanicsMD.31 For clarity, thewidth
ranges of the twopeaks are defined asR1AandR1B (Figure 4A), respectively, in
which the typical structures ofwatermolecules are depicted on the right side of
Figure 4B. The left side of Figure 2B shows the CVS of water in R1A (blue) and
R1B (red). The CVS of watermolecules in R1A presents a sharp peak with a fre-
quencyof approximately 946 cm�1. It shouldbehighlighted that, despite the dif-
ference in the computed CVS profiles for the Pt surface MW between the first-
4 The Innovation 6(1): 100754, January 6, 2025
principles and classical MD simulations, a distinctive F peak at approximately
1,000 cm�1 is consistently observed using both methods (more discussion in
Note S9). This finding suggests that the manipulation of the properties of inter-
facial water via an�1,000cm�1MIRSwithout inducing thermal disturbances is
feasible.
Investigating the CVS of interfacial water on fcc solid surfaces with
different wettabilities
Finally, to generalize the aforementioned findings to other solid materials, a

series of simulations were performed by varying the LJ potential parameter
of the solid atoms in Figure 3A. Figure 5A shows the density function g(z) of
water molecules along the normal direction under different er values, where
er = e=e0 is the ratio of the LJ potential parameters between the solid atom
(e) and the Pt atom (e0). For clarity, the 1st-region curves of g(z) are amplified
in Figure 5A (inset), from which we can observe a gradual increase in both
the intensity and central frequency of the peaks as er increases from 0.01 to
1.0; this implies that the degree of order of the water within the 1st region grad-
ually increaseswith increasing er . To further confirm this observation, the dipole
distribution probability of the 1st-regionwater as a function of average angle CqD
for different er values is shown in Figure 5B. As er increases from0.01 to 1.0, the
peak height increases while the half-peak width decreases, indicating that CqD
tends to align parallel to the solid interface and that the water structure within
the 1st region becomesmore ordered. Moreover, we also calculated the CVS of
water in the 1st region under different er values, as illustrated in Figure 5C. As
expected, with increasing er , the intensity of the F peak gradually increases and
its position gradually blue shifts. These results indicate that a greater hydrophi-
licity of the solid interface leads to a higher central frequency of the F peak. To
further clarify this relationship, Figure 5D displays the order parameters and the
central frequencies of the F peak plotted versus er . The order parameter values
were estimated based on the probability maximum in Figure 5B for different er .
The three curves exhibit similar increasing trends, all of which increase with
increasing er . An increase in the potential well parameter values corresponds
to an increase in the hydrophilicity of the solid meterial45,56 (Note S10). There-
fore, these results strongly confirm that the center frequency of the F peak blue
shifts with increasing interfacial hydrophilicity and degree of order of the inter-
facial water. For further validation, Figure 5D also shows that the F peak center
frequencies obtained from theMDsimulation are in good agreementwith those
calculated theoretically (harmonic oscillator equation) at different er values.
CONCLUSION
In summary, combiningMDsimulationsandMIRSexperiments,wepropose a

new strategy to improve the ORR activity of Pt(100) metal surfaces in aqueous
solutions at room temperature by applying MIRS with a frequency of approxi-
mately 1,000 cm�1. The core mechanism is the excitation of the resonance of
MWs on the metal surface via MIRS that disrupts the robust planar water
network and reduces the energy barrier of oxygendiffusion to themetal surface.
The ORR activity is estimated to increase by�50 times under MIRS compared
with that without MIRS. Importantly, MIRS at this specific frequency can effec-
tively regulate the structure and dynamic properties of MWs on metal surfaces
whileavoiding thermaleffects.Specifically,MDsimulations revealedadistinctive
fingerprint peak (F peak) of the MW on the metal surface, centered at approxi-
mately 1,000 cm�1, which is clearly distinguishable from the CVS of the MW
and from the IR absorption band of BW. Thus, MIRS can effectively penetrate
BW without being strongly absorbed when regulating MW. Meanwhile, various
numerical simulations were used to confirm that the appearance of F peaks is
independent of the force field used and that the center frequency of the F
peak will blue shift with increasing interaction between the metal surface and
MW. Furthermore, we verified through experiments that the application of
1,000 cm�1 MIRS can enhance the ORR activity of metal-water interfaces. It is
important to note that, beyond the ORR, gas reactions occurring on metal sur-
faces in aqueous solutions are ubiquitous and include processes such as
hydrogenevolutionandcarbondioxide reduction.Therefore, ourMIRS regulation
strategy has the advantages of long-range manipulation, nonthermal effects,
and convenient generalization in promoting these reactions on metal surfaces.
These findings advance our understanding of fundamental chemical and phys-
ical processes at the atomic and molecular levels, contributing to the develop-
ment of new theories and technologies. They also provide valuable guidance
www.cell.com/the-innovation
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Figure 4. Regardless of the force field used, the
interfacial water on the Pt(100) surface shows a
CVS spectrum that is different from that of bulk wa-
ter (A) Side-view snapshot of interfacial water on a
polarized-Pt(100) model surface. Tan and blue
spheres denote the platinum and pseudo atoms,
respectively. (B) Comparison of CVS profiles of the
MW on the polarized and nonpolarized Pt(100) sur-
faces, which are calculated by accurate MD simula-
tions with the IFF. (C) Water density distributions g(z)
as a function of the distance z between water mole-
cules and the surface along the z direction. (D) CV
spectra of R1A (blue) and R1B (red) calculated by first-
principles MD simulations with the neural network
potential. Right: typical structures of R1A and R1B on
the surface.
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for the use of electromagnetic stimulation to enhance catalysis, energy conver-
sion, and gas-sensing processes, as well as in designing new light-driven nano-
fluid devices.57,58

MATERIALS AND METHODS
Classical MD simulations

The classical MD simulations were performed using the NAMD 2.14 package59 with the

CHARMM27 force field60 in the NVT ensemble at 300 K constant temperature. The flexible

TIP3Pwatermodel61was used in the simulations. Theparticle-meshEwald technique62was

used to treat long-range electrostatic interactions. A cutoff of 1.2 nm was applied to calcu-

late the electrostatic and Lennard-Jones interactions. Unless otherwise noted, the IIF param-

eters of the Pt atom49were e0 = 7.8 kcal/mol ands0 = 2.535Å. The fcc(100) solidmodel was

fixed for simplicity in all simulations.

To simulate O2 diffusion onto the Pt(100) surface, 128 oxygen molecules (eOO =

0.12 kcal/mol and sOO = 3.029 Å) were randomly dissolved in aqueous solution. A snap-
A B

C D

ll The
shot constructed using the VMD63 software is

shown in Figure 1A. A Pt(100) slab built with the di-

mensions of 49 3 49 Å2 along the horizontal direc-

tion was soaked in the reservoir with 5,063 water

molecules. The three-dimensional simulation box

with periodic boundary conditions had the dimen-

sions of 50.963 50.963 62.0 Å3 in the x, y, and z di-

rections. Figure S1 shows the periodic structure of

the simulation system in the z direction, where a

metal sheet is located between the upper and lower
water layers, forming a cell (Note S1.1). In these simulations, the time step is 1 fs, the

data are recorded every 1 ps, and the total simulation time is 20 ns for each simulation

system. The 1,000 cm�1 MIRS was uniformly applied to the simulation system along

the normal direction of the Pt(100) surface, with specific methods described in previ-

ous work.42 Notably, a high O2 concentration (�1.4 M) was used in the simulation to

obtain good data statistics while avoiding high computational costs.

To calculate the CVS of the MW on Pt(100), a series of systems consisting of fcc(100)

solid sheets and water were constructed. Figure 1B shows a representative equilibrium

simulation snapshot for a 3-nm-thick water film with 2,740 water molecules on a

fcc(100) metal surface with a lattice parameter of 3.92 Å. The solid model was built with

the dimensions of 493 49 Å2 dimensions along the horizontal directions. The three-dimen-

sional periodic simulation box had the dimensions of 50.963 50.963 100 Å3 in the x, y, and

z directions. In this simulation, the time step was set to 0.1 fs, and the data were collected

every 10 time steps. The execution time for each simulation was 7 ps, and the last 6 ps of

data were used to analyze the IR spectrum of water.
Figure 5. Relationships among the surface potential
parameters, degree of order of interfacial water, and
F peak location (A) Density profile of water molecules
along the normal direction for different er values. The
first region of the curves is amplified in the inset. (B)
Dipole distribution probability of water molecules in
the first region as a function of the average angle CqD
for different er , where q represents the dipole-direction
angle of the water molecule (see the inset). (C) CVS
profiles of water in the 1st region (below �4 Å) for
different er values. (D) The order parameters and the
position frequencies of the F peak with respect to er ,
where the curves with triangles (black), circles (red),
and squares (red) denote the order parameter, theo-
retically predicted, and MD simulation-derived fre-
quencies, see (C), respectively. The order parameter is
estimated based on the probability maximum under
different er values in (B).
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 Free energy calculations

The potentials of themean force (PMF) profiles for O2 were calculated via collective var-

iable-based calculations with an umbrella sampling algorithm.64 Steered MD simulations

wereperformedusingNAMD in theNVTensemble at a constant temperature (300K)main-

tainedbyLangevindynamics.Abiasedharmonic forcewith forceconstantsof2 (lower) and

10 kcal mol�1 Å�2 (upper) was applied to gradually drag O2 closer to the Pt(100) surface

from 12 to 1.6 Å along the z axis direction in increments of 0.1 Å to obtain a smooth

PMF curve profile.

Experimental device fabrication
An optical path was designed to control the irradiation of MIRS into the air electrode of a

zinc-air battery. This experimental setup involves the use of a QCL and a green guide laser to

generate the frequency-adjustableMIRS and to determine the spot position of theMIRS irra-

diation, respectively (Figure 2A). During the process, the air electrode serves as a site for the

catalytic ORR, where oxygen diffuses into the catalytic layer containing Pt, and the electro-

chemical reduction reaction occurs at the interface between the catalytic layer and the

electrolyte.

Using transmission electron microscopy in conjunction with energy-dispersive X-ray

spectroscopy, a comprehensive analysis was conducted to characterize both the

morphology and elemental distribution of the Pt/C electrode (shown in Figure 2B). The

experimental procedures are described in more detail in Note S1.2.

Calculation of the IR spectrum
The IR spectrum of water is estimated via the Fourier transform of the dipole-moment

autocorrelation function as expressed by65

IðuÞf
Z N

0
CMðtÞ $Mð0ÞDcosðutÞdt; (Equation 1)

where IðuÞ, u, and t are the spectral density, angular frequency, and time, respectively.

CMðtÞ$Mð0ÞD represents the autocorrelation function of the dipole moments of water mole-

cules. M(t) represents the sum of all individual dipole moments of the water molecules at

time t.

First-principles neural network MD simulations
First-principlesMD simulations based on the ensemble of neutral network potentials pro-

vided byMikkelsen et al.18,66 are performedusing theCP2Ksoftware package.67The system

contains 562 water molecules above the metal Pt(100), where the interface model is

composed of p(10 3 10) supercell slabs with four atomic layers. The upper two layers

are relaxed, and the lower two layers are fixed. The simulation box has the dimensions of

27.7463 27.7463 50Å3. A CSVR thermostat68 is used tomaintain the system temperature

at 300 K within the NVT ensemble, and the time step is set as 0.5 fs.
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