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In situ electrochemical Raman spectroscopy and
ab initio molecular dynamics study of interfacial
water on a single-crystal surface

PROTOCOL

Yao-Hui Wang"®, Shunning Li*®, Ru-Yu Zhou', Shisheng Zheng?, Yue-Jiao Zhang"3,
Jin-Chao Dong"3, Zhi-Lin Yang', Feng Pan®®, Zhong-Qun Tian®"® and Jian-Feng Li®"3*>>

The dynamics and chemistry of interfacial water are essential components of electrocatalysis because the decomposition
and formation of water molecules could dictate the protonation and deprotonation processes on the catalyst surface.
However, it is notoriously difficult to probe interfacial water owing to its location between two condensed phases, as well
as the presence of external bias potentials and electrochemically induced reaction intermediates. An atomically flat single-
crystal surface could offer an attractive platform to resolve the internal structure of interfacial water if advanced
characterization tools are developed. To this end, here we report a protocol based on the combination of in situ Raman
spectroscopy and ab initio molecular dynamics (AIMD) simulations to unravel the directional molecular features of
interfacial water. We present the procedures to prepare single-crystal electrodes, construct a Raman enhancement mode
with shell-isolated nanoparticle, remove impurities, eliminate the perturbation from bulk water and dislodge the hydrogen
bubbles during in situ electrochemical Raman experiments. The combination of the spectroscopic measurements with
AIMD simulation results provides a roadmap to decipher the potential-dependent molecular orientation of water at the
interface. We have prepared a detailed guideline for the application of combined in situ Raman and AIMD techniques; this
procedure may take a few minutes to several days to generate results and is applicable to a variety of disciplines ranging
from surface science to energy storage to biology.

Introduction

Electrocatalysis at the electrode/electrolyte interface that can efficiently convert water, carbon dioxide and
nitrogen molecules in the air into higher-value products, is one of the key techniques for sustainable
energy' . The structure of interface, known as the electric double layer (EDL), is widely believed to play an
essential role in electrocatalysis’™”. In aqueous systems, water molecules are the major components of the
interfacial EDL and direct participants in electrocatalysis processes, such as hydrogen evolution/oxidation
reactions'”"", oxygen reduction/evolution reactions'>”'* and carbon dioxide/nitrogen reduction reac-
tions'”"'*. Single-crystal electrodes possess well-defined surface structures and electric field distributions;
thus, importantly, they can be well modeled at the atomic level for elucidating electrocatalytic reaction
mechanisms'®™'. Therefore, dynamic processes associated with interfacial water on an atomically flat
single-crystal surface can provide a platform for understanding electrocatalysis*’. However, acquiring
information of interfacial water in the EDL during electrocatalysis processes remains elusive on the
atomically flat single-crystal surfaces, owing to the complexity of interfacial reaction processes, significant
signal perturbation from bulk water and lack of practical surface characterization techniques.

There is a growing number of in situ characterization techniques that are being used to probe
interfacial water, such as surface-enhanced infrared absorption spectroscopy’”**, sum-frequency
generation spectroscopy”” >’ and x-ray spectroscopy*>*. However, most of these techniques only
provide information about interfacial water close to the potential of zero charge (PZC) where the
excess electronic charge density of a metal-solution interface is zero. However, a number of
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important electrocatalysis processes tend to occur at a potential that is much higher or much lower
than the PZC**. Thus, details about the structure and composition of interfacial water at extreme
electrocatalytic potentials are lacking, which limits the comprehensive understanding of
electrocatalysis.

SERS for the study of interfacial water

Highly sensitive surface-enhanced Raman spectroscopy (SERS) methods are capable of single-
molecular-level resolution®"*%, which makes them well suited for the detection of interfacial water. In
addition, the Raman signal of water is very weak in conventional Raman spectroscopy owing to the
tiny Raman scattering cross-section of water molecules. Unlike infrared spectroscopy, which will be
seriously interfered by bulk water, SERS can easily eliminate the interference from signals of bulk
water when probing the interfacial water, because only water signals close to the surface are enhanced.
Moreover, SERS possesses a wider spectral detection range than infrared spectroscopy, especially in
the low wavenumber range (down to ~2 cm V) (refs. ****), which provides a wealth of information
about the hydrogen bond, structure and composition of interfacial water. In this context, SERS is an
appropriate technique to study interfacial water.

Since the discovery of SERS in 1977, scientists have begun to use SERS to study interfacial water.
In 1981, Fleischmann et al.’> obtained the SERS spectra of interfacial water for the first time and
provided fruitful information of interfacial water in H-O-H bending and O-H stretching vibration. At
that time, it was necessary to add a large amount of halide ions to improve the enhancement effect for
the study of interfacial water by SERS. In 1987, Funtikov et al.”® obtained the SERS spectra of
interfacial water in a system without coadsorbed ions, but only the H-O-H bending vibration
information of water was provided. In 1990, Tian’s groups’’ obtained the clear SERS spectra of
interfacial water on Au, Ag and Cu surfaces by improving the method of SERS enhancement, which
extended the SERS study of interfacial water to nonhalogen systems. The H-O-H bending vibration
peaks and O-H stretching vibration peaks of interfacial water on Au, Ag and Cu surfaces were
significantly enhanced. However, information on interfacial water on transition metal surfaces is of
utmost interest to electrochemists, but is still poorly understood. From 2007 to 2010, Jiang and
Li et al. used a ‘borrowing’ strategy to construct core-shell nanoparticles (NPs) (Au as inner core and
transition metal as shell) to study the behavior of interfacial water on transition metal (Pt, Pd, Rh,
etc.) surfaces’”*'. The inner Au can enhance the Raman signals generated by interfacial water on
transition metal surfaces because the interfacial water locates in the range of enhancement. Unfor-
tunately, all of the above studies are on the surface of polycrystalline electrodes. SERS study of
interfacial water on the atomically flat single-crystal surface is indispensable for the rationalization of
interfacial reaction processes and reaction mechanisms.

However, SERS cannot be directly used to probe interfacial water on a single-crystal surface
because atomically flat surfaces fail to meet the SERS requirement of a surface plasmon resonance
effect. The development of the shell-isolated nanoparticle-enhanced Raman spectroscopy (SHI-
NERS)** technique successfully overcame this intrinsic morphological limitation of SERS. SHINERS
utilizes the strong coupling effect of inner Au of shell-isolated NPs (SHINs) with pure Au, Ag and Cu
electrodes to enhance the Raman signals on a single-crystal surface, has extremely high surface
sensitivity and can effectively probe interfacial water on a single-crystal surface.

In the previous work published by our research group, Li et al. used SHINERS to study the
interfacial water on low-index Au single-crystal surfaces, and clearly revealed the dynamic structural
variation of interfacial water at bias potentials43 . We (Wang et al.) then studied the structure and
dissociation of interfacial water on a Pd single-crystal surface by combining SHINERS and ab initio
molecular dynamics (AIMD)**. According to these results, interfacial water displays different water
structures and composition on a Pd single-crystal surface, composed of hydrogen-bonded water and
cation-hydrated water. Under bias potential, the coordinating water molecules around cations move
toward the Pd surface, which reduces the effective distance between Pd and protons from M.H,O,
thus improving their charge transfer efficiency and enhancing the hydrogen evolution reaction (HER)
performance. In terms of thermodynamics, through local hydrated cation tuning strategies around
the interface, disordered bulk H,O can be effectively arranged into ordered interfacial H,O (i.e., an
entropy decrease process) in a finite region to minimize additional work done and to maximize
electrochemical energy conversion. In this regard, by altering the transmission route of H,O,
interfacial cations serve as a ‘co-catalyst’ at the interface by continuously supplying water to the
surface and transferring the hydroxyl radical to solution during water dissociation.
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In the analysis of spectroscopic results from SHINERS, AIMD simulation could aid in the
atomic understanding of the orientational configurations of interfacial water. AIMD simulation
is renowned for its capability in modeling the structure and dynamics of materials at the
atomistic scale. In this method, the motion of nuclei is numerically determined by solving
Newton’s equations in an identical framework to the traditional force-field molecular dynamics
(MD) simulation, while the forces on the nuclei at each AIMD step are derived from an elec-
tronic structure calculation within density functional theory*’. Compared with the force-field
approach, AIMD is free of ad hoc parametrizations and can explicitly take into account the
polarization of electrons, making it especially powerful for the interpretation of experimental
observations in the realm of catalysis in aqueous media***’.

Many pioneering studies have utilized AIMD simulation to gain illuminating insights into
both the transport behavior of ions in aqueous solutions and the structural evolution in the
interfacial region. For example, Tuckerman et al. performed AIMD simulations to investigate
the solvated state of proton in water, and justified the existence of Eigen and Zundel cations that
shows the ordering of local structure of water molecules*®. Galli et al. combined AIMD and
many-body perturbation theory calculations to analyze the effect of surface water on the band
structure of functionalized Si*”. Selloni et al. revealed the dynamics of excess electron at the
aqueous interface of TiO, and demonstrated the facet-dependent catalytic behavior that is in
good agreement with experimental observations®’. These studies not only complimented pre-
vious experimental findings, but also motivated new experimental works. We therefore speculate
that the combinatorial application of SHINERS measurement and AIMD simulation, as
employed in recent works to probe the microscopic structure of interfacial water**, could serve
as a promising route to unravel the electrocatalytic processes and can be adopted by researchers
from a variety of related disciplines.

Limitations
Limitations of this in situ Raman study of interfacial water relate to the fact that the measurement
devices need to be added to the system being analyzed. The conditions at the interface might,
therefore, not be exactly the same as they would be if they were not being measured.

Changes introduced by the analytical conditions include:
* The necessary use of a negative potential on the electrode surface that is being analyzed
e The inhomogeneity of enhancement effect at each sampling point
¢ The disturbances resulting from the Raman amplifier (i.e., artifacts such as an electromagnetic field,

SiO, shell and impurities that are introduced when adding the SHINs)

The limitations of AIMD mainly include the huge computational costs, the coupling of electrode
potential and cation concentration, the short simulation time (10-100 ps) and the small simulation
cell (100-200 atoms).

Overview of the procedure

Procedures for the study of interfacial water on a single-crystal surface using in situ electrochemical
Raman and AIMD are included in Fig. 1. Au single crystal is our target substrate. SHINs are the
amplifier of Raman signal. Preparation and characterization of Au single crystals and SHINSs are the
first step, then carrying out in situ Raman to obtain the spectra of interfacial water. Finally, the AIMD
is used to simulate the variation of interfacial water under electric field.

Characterization
It is particularly important to test whether there are any pinholes in the SiO, shell of SHINs. An
insufficiently dense SiO, shell with abundant pinholes allows molecules in the external environment
to adsorb on the core Au surface. If the SHINs have pinholes, the signal generated by the adsorption
of water on the inner Au surface rather than the target substrate, will seriously affect the experimental
outcome. Pyridine is a good choice of reagent for testing for pinholes because it attaches specifically to
the inner Au surface, but does not interact with the SiO, shell. If there are any pinholes, these will be
evident from the presence of pyridine peaks in the Raman spectrum.

Pyridine is also the reagent of choice for determining the surface enhancement factor (EF)—a
widely accepted parameter for quantitative evaluation of SERS performance. If the enhancement
effect of SHINS is poor, the Raman signals of interfacial water will be hard to obtain owing to the
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Fig. 1 | Schematic representation. Combined SHINERS and AIMD study of interfacial water on a single-crystal
surface. The procedure is divided into four sections.

interference from bulk water. Therefore, the shells of SHINs must be extremely thin and dense
without pinholes to support a high enhancement effect and to isolate the interference.

Materials

Reagents

e Milli-Q water (18.2 MQ cm, 25 °C)

* Hydrochloric acid, HCI (analytical reagent (AR), 36.0-38.0%, Sinopharm Chemical Reagent, CAS no.
7647-01-0)

e Nitric acid, HNO; (AR, 65.0-68.0%, Sinopharm Chemical Reagent, CAS no. 7697-37-2)

® Methylene chloride, CH,Cl, (AR, 99.5%, Sinopharm Chemical Reagent, CAS no. 75-09-2)

¢ Hydrogen peroxide, H,O, (AR, 30%, Sinopharm Chemical Reagent, CAS no. 7722-84-1)

e Sulfuric acid, H,SO, (96%, Merck KGaA, CAS no. 7664-93-9)

e Trisodium citrate dihydrate, Na;CsHs0,-2H,0 (99.0%, Alfa Aesar, CAS no. 6132-04-3)

¢ Hydrogen tetrachloroaurate(III) trihydrate, HAuCly-3H,0 (99.99%, Alfa Aesar, CAS no. 16961-25-4)

* (3-Aminopropyl) trimethoxysilane, APTMS (97%, p = 1.027 g mL ™" at 25 °C, Alfa Aesar, CAS no.
13822-56-5)

e Sodium silicate solution, Na,O(Si0,),-xH,0 (~10.6% Na,O and ~26.5% SiO,, p = 1.39 g mL™" at
25 °C, Sigma-Aldrich, Product number: 338443)

e Sodium hydroxide, NaOH (99.99%, Alfa Aesar, CAS no. 1310-73-2)

e Pyridine, CsHsN (>99.5%, Alfa Aesar, CAS no. 110-86-1)

e Sodium perchlorate, NaClO, (98.0-102.0%, Alfa Aesar, CAS no. 7601-89-0)

e 2-part Epoxy/2K Epoxy (Loctite, Double Bubble)

¢ De-alumina powder (99.9%, 1.0/0.3/0.05 pm, Qmaxis)

e Hydrogen gas, H, (99.999%, Linde)
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* Oxygen gas, O, (99.999%, Linde)
® Argon gas, Ar (99.999%, Linde)

Equipment

® Beaker

¢ Round-bottom flask

° Quartz coverslip

e Sandpaper

e Polishing cloth

e N-Si(111) wafer, 525 + 25 um thickness, Si wafer cut into 0.5 x 0.5 cm? square before use

e Au wafer: 100 nm thickness of Au films were deposited on Si(111) wafer at a rate of 2 A s~ ' by E-beam
evaporation to obtain Au wafer

® Au wire, 0.5 mm diameter (purity 99.99%, Sigma-Aldrich, CAS no. 7440-57-5)

* Pt wire, 0.5 mm diameter (purity 99.99%, Sigma-Aldrich, CAS no. 7440-06-4)

* Homemade reversible hydrogen electrode (RHE); see ‘Equipment setup’

e Homemade electrochemical glass cell; see ‘Equipment setup’

* Homemade Teflon Raman cell; see ‘Equipment Setup’

e CHI 760E electrochemical workstation (CH Instruments)

¢ Potentiostat (Autolab PGSTAT30, Metrohm)

¢ Confocal microscope Raman system XploRA (HORIBA, France)

e High-resolution transmission electron microscope JEM-2100 (JEOL, Japan)

Reagent setup

Chloroauric acid (0.86% (wt/vol))

1.0 g of hydrogen tetrachloroaurate(III) trihydrate (solid) was dissolved into 100 mL of Milli-Q water
in a volumetric flask (100 mL). Store this solution at room temperature (25 °C) for at least 2 d
before use.

APTMS solution (1 mM)
18.0 puL of APTMS was diluted into 100 mL of Milli-Q water in a volumetric flask (100 mL). The final
concentration of APTMS is 1.0 mM. This solution is prepared before use.

Sodium silicate solution (0.54%, wt/wt)

2.0 mL of sodium silicate solution (27%, wt/wt) was added in a volumetric flask (100 mL) and then
92 mL of Milli-Q wate was added. Add 6 mL of hydrochloric acid solution (0.1 M) to the flask with
fast shaking to adjust the pH. The concentration of sodium silicate is 0.54% (wt/wt), and the pH is
~10. This solution is prepared before use.

Equipment setup

Homemade RHE

In the RHE, H, is generated electrochemically from the reduction of H' in the electrolyte used in the
experiment. The RHE was transferred to fresh electrolyte for 30 min before use. The potential
calibration of RHE was made by verifying the position of hydrogen adsorption/desorption peaks of
Pt(111) in 0.1 M HCIO, with the standard cyclic voltammetry (CV) of Pt(111).

Electrochemical cell

A homemade three-compartment glass cell, with a Pt wire and a homemade RHE as the counter and
the reference electrodes, respectively, was used for electrochemical measurements. The three-
compartment glass cell can separate the reactions occurring at working and counting electrode
surfaces, and decrease the influence from the reference electrode if using a non-RHE as the reference
electrode. The electrochemical cell is thoroughly cleaned by soaking in concentrated sulfuric acid for
12 h before use.

Raman cell

A homemade Teflon Raman cell, with a Pt wire and a homemade RHE as the counter and the
reference electrodes, respectively, was used for the in situ electrochemical Raman measurements. As
with electrochemical cell cleaning, the Raman cell is thoroughly cleaned before use by soaking in
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concentrated sulfuric acid for 12 h. Long-time Raman tests should use an Au wire to replace the Pt
wire as the counting electrode, avoiding Pt deposition on Au working electrode surface.

Raman instrument

A He-Ne laser with 637.8 nm excitation wavelength and a 50x microscope objective with a numerical
aperture of 0.55 were used in all measurements. Raman frequencies were calibrated by a Si wafer
during each experiment.

Procedure

Section 1: preparation of an Au single crystal

Preparation of Au bead @ Timing 2 h

A CRITICAL In this process, the primary objective is to prepare the Au bead with a perfect crystal

structure.

1 Melt the end of Au wire with a diameter of 0.5 mm and length of at least 5 cm into a bead of 2 mm
in diameter by a hydrogen flame.

! CAUTION Wear anti-glare sunglasses to protect your eyes before melting.

2 Immerse the molten state of the Au bead in the aqua regia (the ratio of HCI/HNOj; volume is 3:1)
to remove the impurities.

A CRITICAL STEP The impurities are often visible and can be seen as bright flecks shining at the
molten state of the bead surface.
! CAUTION The aqua regia is quite dangerous; ensure that you do not splash it.

3 Melt the bead again to check for impurities after cleaning the residual aqua regia.

4 Repeat Steps 2 and 3 until the bead is free of impurities.

5  After impurities have been removed, keep the molten state of the half-bead under hydrogen flame
for ~60 s and cool the bead very slowly by moving it up and down the hydrogen flame from the
joint of the bead and wire to the end of the bead.

6  Select the bead with symmetrically dispersed (111) and (100) facets to mechanically polish.

Preparation of Au half-bead single crystal @ Timing 2-3 d

A CRITICAL Clavilier-type Au(111), Au(100) and Au(110) half-bead single crystals were prepared in

this work.

7 Select the target facet of the Au bead by the laser positioning method on the single-crystal polisher
machine. Fix the facet in a specific direction with epoxy.

8  Polish the bead to two-thirds the size with sandpaper, following the order of 800 mesh to 1,200
mesh to 2,400 mesh to 4,800 mesh. At this time, we can see a very bright hemispherical surface with
the naked eye.

A CRITICAL STEP If the hemispherical surface is not bright or scratches are still visible after Step 8,
repeat the sandpaper grinding until the hemispherical surface is bright.

9  Replace sandpaper with a polishing cloth, and polish the two-thirds bead to a brighter mirror with a
polishing solution of 1 pm (1 h), 0.3 um (1 h) and 0.05 um (1-2 h). The two-thirds bead was
polished to a half bead.

10 Carefully take down the half bead, which is fixed in the epoxy, and remove the epoxy using
methylene chloride.

!CAUTION Pay attention to personal protection when using methylene chloride. Respiratory
system protection: wear a gas mask or half mask. Eye protection: wear chemical safety goggles. Body
protection: wear protective clothing. Hand protection: wear chemical-resistant gloves.

11 Remove surface organic substances by soaking in piranha solution for 12 h.

! CAUTION Preparation of piranha solution requires wearing rubber gloves and appropriate facial
protection in a fume cupboard. Slowly add hydrogen peroxide to sulfuric acid solution in a beaker.
This process gives off a lot of heat. It is important to be patient and to perform the addition in this
order; it is dangerous to add sulfuric acid to hydrogen peroxide.

12 Electropolish the half-bead in 0.5 M H,SO, solution at 5.0 V for 10-15 s (using a clean Au wire as
counting electrode). Remove the residual H,SO, with ultrapure water. Then, immerse the half-bead
in 0.5 M HCI solution for 1 min to remove the surface oxidation layer. Remove the residual HCI
with ultrapure water. Repeat three times.

13 Anneal the half-bead in a tubular furnace at 800 °C for 12 h under an H,-Ar mixed atmosphere
(5% H,, 95% Ar).
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Fig. 2 | Equipment setup. Electrochemical glass cell for single-crystal CV test.

Characterization of Au single crystals by CV @ Timing 1 h
A CRITICAL Electrochemical CV is used to characterize the quality of Au single crystals.

14
15

16

17

18

19

Prepare fresh 60 mL, 0.05 M H,SO, solution in an electrochemical glass cell (Fig. 2).

Anneal the Au single crystal with a butane flame.

A CRITICAL STEP Quickly transfer the crystal into a glass container with pure water under an Ar
stream and cool down to ambient temperature.

Drop pure water to protect the annealed Au single crystal and transfer the clean Au single crystal to
the prepared electrochemical glass cell.

Bring the Au single crystal into contact with the electrolyte in a hanging meniscus configuration
(Fig. 3a) under the potential where no electrochemical reaction takes place.

A CRITICAL STEP A hanging meniscus configuration ensures that only the target facet participates
in electrochemical reaction.

Select an Au(111) single crystal as the sample to collect the CV of Au(111) in 0.05 M H,SO, with a
10 mV s~ scan rate.

Check that the CV (Fig. 3b) of Au(111) shows the standard features, including surface
reconstruction and lifting peak (~0.58 V), sulfate adsorption/desorption peak (~0.75 V) and
ordered sulfate phase transformation peak (~1.06 V). If the peak height of sulfate phase
transformation peak is equal to or greater than the surface reconstruction and lifting peak in the CV
of Au(111), this indicates that the quality of the Au(111) is good.

Section 2: preparation and characterization of SHINs
Preparation of Au NPs and SHINs

20

21

22

Prepare 55 nm Au nanospheres as described®’. In our lab, the steps are as follows:

e Boil 200 mL of HAuCl, solution (0.01% wt/vol); in our lab the solution is heated using a
thermocouple

¢ Quickly add 1.4 mL of sodium citrate solution (1%, wt/vol) into the boiling solution

¢ Maintain boiling with reflux for 30 min

o Allow the solution to cool naturally to ambient conditions of ~25 °C

Synthesize the SHINs as described in the literature®”; in our lab the steps are as follows:

¢ Add 0.4 mL of APTMS solution (I mM) to 30 mL of undiluted 55 nm Au nanosphere solution

¢ Add 3.2 mL of sodium silicate solution (0.54% wt/wt) with a pH of ~10 to the mixture

e Transfer the solution to a 99 °C water bath and stir for ~20 min to coat the SiO, shell

o Take 2.0 mL as-prepared SHINSs solution to centrifuge in a 2.0 mL centrifuge tube at 2,000¢ for 10 min
(at room temperature). Remove the supernatant and wash the SHINs with 2.0 mL ultrapure water,
centrifuging with the same conditions and removing the supernatant. Obtain the bottom residue

¢ Add 0.2 mL ultrapure water in the bottom residue to obtain the concentrated SHINSs solution

After the SHINs synthesis, use TEM to determine the shell thickness of SHINs. Figure 4a shows the

shape of SHINs with ~55 nm Au core and 2 nm SiO, shell.
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Fig. 3 | Schematic diagram and characterization of single crystals by CV. a, The hanging meniscus configuration for the experiment. b, The CV of
Au(111) in 0.05 M H,SO, with a scan rate of 10 mV s~ ; j and E represent the current density and potential, respectively.

890

B PAUSE POINT The concentrated SHINs solution can be stored at room temperature in a
centrifuge tube. The shelf life of SHINs can be up to a year if used for ordinary enhanced Raman
experiments. In interfacial water Raman experiments, it would be better to immediately use the
SHINS after preparation to avoid accumulation of impurities.

Pinhole test for the silica shell of SHINs @ Timing 15 min

23 Add 2 pL of concentrated Au@SiO, solution on a clean Si wafer (0.5 x 0.5 cm?) surface and dry the
wafer under an Ar stream.

24 Drop 10 pL of pyridine solution (0.01 M) on a SHINs-coated Si wafer surface. Cover it with a clean
quartz coverslip.

25 Leave the coverslip like this for ~2 min to allow the pyridine molecules to adsorb onto any exposed
sites on the Au surface.

26 Carry out the Raman test. If the silica shell has pinholes, it allows pyridine molecules to adsorb on
the inner Au surface, and will contribute a strong Raman signal (Fig. 4b). However, if SHINs
possess a pinhole-free silica shell, it will not contribute a Raman signal (Fig. 4c).

(Optional) Stability in alkaline media

A CRITICAL Tt is well known that the SiO, shell of SHIN's in acid media is very stable’"”*. However, the

SiO, will dissolve in alkaline media™. It is therefore sometimes meaningful to test their stability in a

chosen solution, e.g., 1 mM NaOH.

27 Place the SHINs-coated Si wafer into a 0.01 M pyridine and 1 mM NaOH mixed solution (pH 11).

28 Collect a time series of Raman spectra. In situ Raman spectra (Fig. 4d) show that the characteristic
peak of pyridine was still not discernable in 3 h. However, we observed an obvious peak at
1,010 cm ! after 5 h. Therefore, SHINs can remain stable for up to 5 h.

Enhancement effect test for SHINs @ Timing 15 min
A CRITICAL The detailed enhancement of SHINs-Au mode was calculated by pyridine as a Raman
probe molecule. The corresponding formula is as follows™*™>:
EF — Isers/Nsers
Inormal/Nnormal
where Isgps is the Raman peak intensity of pyridine probe molecule (the Raman peak at 1,010 cm ™' is
selected) in enhanced spot. I,o;mal is the Raman peak intensity of pyridine solution (0.01 M). Isgrs and
Ihormal €an be obtain experimentally. The measurement methods are as follows.
29 Collect normal Raman spectra of pyridine.
¢ Add 5 mL pyridine solution (0.01 M) in a small beaker
e Collect Raman signals using a confocal microscope Raman system with a 637.8 nm laser and a
50x microscope objective (0.55 numerical aperture)
A CRITICAL STEP The focal point of laser must be below the liquid surface.

30 Collect SERS spectra of pyridine
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Fig. 4 | Characterization of SHINs. a, TEM image of SHINs. b,c, 55 nm Au core with 2 nm SiO5 shell; schematic diagrams (left) and Raman spectra
(right) of pinhole test using pyridine as the probe molecules on the inner Au of SHINs (b) and Si surface (c). d, Stability results of SHINSs. In situ Raman
spectra of SHINs in 0.01 M pyridine and T mM NaOH mixed solution (pH 11) from 1 h to 5 h. e, Enhancement test of SHINs. SERS spectra and normal

Raman spectra of pyridine.
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32
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e Drop 2 pL of concentrated Au@SiO, solution (without pinholes) on a smooth Au wafer and dry
the wafer under an Ar stream

e Drop 10 pL of pyridine solution (0.01 M) onto the SHINs-coated Au wafer and cover a quartz
coverslip on top

e Leave for ~2 min for pyridine molecules to adsorb on the Au wafer surface

e Collect Raman signals of the SHINs-coated Au wafer under the same Raman measurement
conditions with pinhole test

Determine the values of Isgrs and Iorma by extracting the area of Raman peaks at 1,010 cm ™

(SERS) and 1,003 cm ™' (normal) in the Raman spectra (Fig. 4e). Isgrs = 6,560.1 counts per second

(cps) mW Y, Loma = 1.2 cps mW™.

? TROUBLESHOOTING

Calculate Ngggs, i.e., the number of molecules in enhanced hot spot. As a Raman probe molecule,

pyridine mainly adsorbs on the smooth Au wafer surface because the inert and isolated SiO, shell

does not adsorb molecules. Therefore, the adsorbed pyridine molecules construct a full monolayer

on the Au surface.

o According to previous reports”’, the coverage (C) of pyridine on the Au surface is 3.5 x 10'*
2

1

molecules cm™
e Calculate the spot diameter (d) using this formula: d = 1.22A1/NA, where 1 is the wavelength of
laser and NA is the numerical aperture of objective
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Fig. 5 | Confocal depth test of laser. Statistical intensity of Raman peak at 520.6 cm~' with changing the focus
depth of laser on Si(111).

33

34

e Calculate the spot area (SA) by 3.14 x (dr2)?

e Nggrs = SA x C

Calculate Nyormap 1-€., the number of molecules at the Raman focal spot in the solution during

normal Raman measurement.

e The calculated formula is as follows: Nyormal = Viaor X € X Ny

o V,or is the effective spot volume. V., = SA X h, where SA is the spot area and £ is the confocal
depth of laser I

* According to the formula of h = ==5——, h can be calculated by drawing the variation curve of
Raman intensity of Si wafer with the depth of focus (Fig. 5). The h is ~20.4 um and c is the
concentration of pyridine solution

¢ N, is the Avogadro constant

® Noormal = SA X h X ¢ x Ny
? TROUBLESHOOTING

Calculate the EF from these values.

e In summary, the formula of EF can be simplified as EF = %

o In our work, the EF was calculated to be 1.92 x 10° (Fig. 4e)

o The EF needs to be at least 10> for the collection of Raman signals of interfacial water during
in situ Raman measurement. If the EF is less than 10°, the Raman signals of bulk water might be
collected rather than interfacial water

Section 3: in situ Raman
Assembly of SHINs on a single-crystal surface @ Timing 45 min

35

36
37

38

Wash the prepared SHINs solution (high enhancement effect and pinhole-free) three times as
described in Step 21.

Dissolve the clean SHINs solution into 200 pL of water to make up a stock solution.

Drop 2 pL of SHINs stock solution onto the flamed single-crystal surface. Dry them in a gentle Ar
stream to obtain SHINs single crystal.

Perform scanning electron microscopy (SEM) to check the distribution status of SHINS.

SHINs form a submonolayer of small, randomly distributed, two-dimensional islands, which can
be seen in the SEM image in Fig. 6. The subsequent experiment can tolerate a wide range of surface
coverage, but it is important to bear in mind that the presence of the SHINs decreases the physical
area of the gold crystal where the electrochemical (or electrocatalytic activity) can take place. In
other words, there is a trade-off between having enough SHINS to get good Raman detection and
having so much that what you are detecting is no longer the reaction that you are interested in
monitoring. In our experience, meaningful results can be obtained if the surface coverage is 10-25%
(refs. °5°7).
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Fig. 6 | SEM image of SHINs on Au single-crystal surface. Approximately 20% coverage of SHINs on single-crystal
surface.

RE

Fig. 7 | Schematic diagram of electrochemical Raman cell. WE, RE and CE represent working electrode, reference
electrode and counting electrode, respectively.

Removal of impurities by HER @ Timing 30 min

A CRITICAL Although the SHINs have been washed three times, there will still be impurities on the
surface of the SHINS, especially on the single-crystal surface. The HER can be used to clean the SHINs
surface to reduce the interference from impurities during Raman measurement of interfacial water.

39

40

41

Assemble the SHIN single crystal as the working electrode, the homemade RHE as the reference
electrode and Pt wire as the counting electrode into a homemade Teflon Raman cell (Fig. 7). Use
0.1 M NaClO, solution as electrolyte.

Apply a potential of —1.3 V for 10 s to enables HER. Switch off the potential and pour out the
solution quickly.

Perform Step 40 three more times. The clean SHINs single crystal should be used immediately.

In situ electrochemical Raman @ Timing 0.5-5 h

42

43

44

45

46
47

Assemble homemade Raman cell, SHINs single crystal as working electrode, RHE as reference
electrode, and Pt wire as counting electrode (Fig. 7). Fill with fresh electrolyte in the Raman cell.
A CRITICAL STEP RHE can be used directly in the Raman cell. If a non-RHE reference is used, a
salt bridge is required.

Fix the single crystal on a Teflon thread sleeve. The distance between the single crystal and the
window can be adjusted by tuning the Teflon sleeve.

Adjust the distance between the window and the single-crystal surface to ~50 um by using the white
light imaging system of the Raman spectrometer.

A CRITICAL STEP 50 pm distance can effectively decrease the hydrogen bubble occurring on single-
crystal surface.

Vertically fix the Raman cell by an iron holder to guarantee the vertical alignment of the surface of
the single crystal during in situ Raman measurement. Figure 7 shows the test diagram of a vertically
placed Raman cell.

Connect the potentiostat to electrodes of the Raman cell. Control the potentials by a potentiostat.
Collect the Raman signals under different potentials.
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- Effective spot area - Noneffective spot area
- - Single CrYStal

Confocal depth

Fig. 8 | Schematic diagram of effective spot area. The confocal depth of laser (h) is 20.4 um and half of the areas do
not work when the laser focuses on the solid surface. Therefore, the effective spot area is 10.2 um high when the
laser focuses on a single-crystal surface.

Raman spectra processing @ Timing Variable; depends on the amount of data

48

49

Apply a potential of 1.5 V, and collect Raman spectra. While the original Raman spectrum includes
all the signals of interfacial water, it also includes some of the bulk water signals. To extract the
peaks related to interfacial water alone, we subtract the spectrum for bulk water alone. The Au
surface will form AuO, layers at a potential greater than 1.0 V, and the AuO, layer can reach up to
~1.5 nm at 1.5 V (ref. °°). The formation of AuO, layers decreases the refractive index of the Au
single crystal and increases the distance between the SHINs and the pure Au single crystal, resulting
in the loss of enhancement of SHINs on an Au single-crystal surface. The inner Au of SHINS is also
electrooxidized owing to the electron penetration at 1.5 V, for which the Raman signals come from
bulk water. Therefore, the Raman spectrum at 1.5 V was selected as a subtracted spectral data.
Using the original Raman spectra, subtract the Raman spectra taken at 1.5 V; the resulting spectra
are the Raman spectra of interfacial water.

While the original Raman spectrum includes all the signals of interfacial water, it also includes
some of the bulk water signals. The confocal depth of laser (h) is 20.4 um according to the previous
calculation (Step 33). Thus, the effective spot area is a half column that is 10.2 pm high when the
laser focuses on the single-crystal surface, as shown in Fig. 8. During the in situ electrochemical
Raman test, the Raman signals come from the 10.2 pm thickness water molecules. The interfacial
water molecules can be defined as within 4.0 A distance to the single-crystal surface according to
the AIMD results (details given in the following section). The proportion of interfacial water in all
water molecules are calculated to be 4.0 A/10.2 um = 3.9 x 10~°. Raman signals of bulk water
account for around half proportion, even at 1.92 x 10> high enhancement.

Section 4: AIMD simulation

Model construction

A CRITICAL The interface model is constructed on the basis of the bulk structure of the transition
metals. The steps below are for the Au substrate as an example.

50

51

52

53

Optimize the bulk structure of Au by using Vienna ab initio simulation pack (VASP). VASP is the
most widely used software for the investigation of periodic materials within the density functional
theory context, and the algorithms for AIMD simulation have already been implemented in the
VASP code®".

Obtain the lattice parameters, with which we can construct the slab model for the simulation of Au
surface.

Add a large vacuum space of over 15 A in the perpendicular direction to the slab for
accommodating the water molecules. We define this model as the ‘Surface Model’.

Construct a simulation cell for water slab (without Au) under near-equilibrium conditions at room
temperature. The size of the cell is the same as the Au slab in the directions parallel to the surface,
while in the perpendicular direction, the size is determined according to the density of water
(1 g cm™?) and the number of water molecules employed in the simulation.
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54

55

56

Randomly position water molecules in this simulation cell at the initial state; this can be

accomplished by using Material Studio or the Visual Molecular Dynamics software.

Start the process of AIMD for the simulation cell to generate a more realistic model for water

molecules in the liquid phase, which we can define as the ‘Water Model’.

e Consider dispersion effects, for example, by utilizing the semi-empirical D3 van der Waals
corrections”

o Set a time step of 0.5 fs or below and apply a canonical ensemble (NVT, i.e., with a fixed number of
atoms, volume and temperature) via a Nose-Hoover thermostat with a target temperature of 330 K

o After ~5,000 steps, a simulation cell of water molecules under near-equilibrium conditions is generated

Place the “‘Water Model” on top of the ‘Surface Model’ of Au, generating the interface model for the

investigation of interfacial water.

This should be done with some care:

e First, owing to the periodic nature of the simulation cell for “‘Water Model’, some of the water
molecules may cross the boundary of the simulation cell. These molecules would be cut if we
directly implement the “Water Model’ into the vacuum space in the ‘Surface Model’. Therefore,
when separating the water along the boundary, we should regard each molecule as an integral unit
and carefully select the periodic images of the corresponding H atoms near the boundary to avoid
any broken bond

e Second, since the molecules will not establish chemical bonds with the Au surface before water
splitting, the water slab and the metal slab in the interface model should be separated by
1.5-2.0 A. Otherwise the O atoms in water would be so close to the outermost Au layer that some
Au-0 bonds are established, which is obviously factitious in the investigation of interfacial water

Simulation of interfacial water

A CRITICAL The parameterizations for the simulation of interfacial water are similar to that of the
‘Water Model” Owing to the large size of the supercells, only the I' point in the Brillouin zone is
employed in this simulation. The equilibrium state of the system can be evaluated by mean square
displacement (MSD).

57

58

59

Conduct AIMD simulation for the interface model with at least 20,000 steps. The initial ~3 ps
(6,000 steps) stage is treated as the equilibration period, and the statistical sampling should be
performed in the following ~7 ps (14,000 steps).

Incorporate alkali (e.g., Na™) ions into the system by placing them at the vacant space in water at a
distance ~3.0-4.0 A from the interface, and conduct AIMD simulations for these models.

A CRITICAL STEP As the simulation cell needs to be charge neutral, an equivalent number of
electrons will be simultaneously introduced into the system. To avoid large abrupt forces on the
water molecules, the alkali ions should be added one by one in the simulation cell after the
equilibration period.

Calculate MSD and perform the statistical analysis of interfacial water (Fig. 9), which is a
prerequisite for the calculation of electrode potential in the following steps. MSD is obtained
according to the following equation:

MSD() = 3 [s(t+ )| <[P

1

Probability

0 20 40 60 80 100120 140160 180

© 000 000000O00O0 Angle ()

Fig. 9 | Schematic illustration of AIMD simulations for the analysis of interfacial water. Au, yellow; O, red; H, white; Na, purple. A near-equilibrium
state of the interfacial model is obtained after the simulation (left), from which the local structure of water molecules around a Na™ ion is identified
(middle). Then, the statistical analysis, such as the angular distribution of water molecules, is performed for all the sampling images (right).
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where r1;(t) is the displacement of the ith atom at time ¢, and N is the number of diffusing atoms in
the simulation cell. A steady increase in MSD will be seen when the system is near equilibrium.

Calculation of electrode potential

A CRITICAL The calculated PZC can be directly compared with the experimental results, and therefore builds

the bridge between the in situ Raman measurements and the microscopic models from AIMD simulations.

60 Calculate the PZC via the computational standard hydrogen electrode method with the following
formula®’:

eUpyc = _EI(J) - e(P\(/Qat + ADPA(W> - #i{ii — AEzp

H;0*
52“ is the electrostatic potential of water, ADPA(HM;)W is the

deprotonation free energy of a hydronium ion H;O™, 45:* is the standard chemical potential of gas phase

where Eg) is Fermi level of the system, ¢

proton and AEyp is a correction for the zero-point energy of the O—H bond in hydronium ion. Only Eg)
and gofgt are unknown and should be derived from the AIMD simulations of the interface model.

ADPA(HW?O+ is dependent on the composition and pseudopotentials of the simulation cells, with a value of

~15.35 eV (refs. °*%). /,tf{i and AEzp are known constants of 15.81 eV and 0.35 eV, respectively66’67.

61 Integrate the information from both spectroscopic characterization and atomistic simulation at a
specific electrode potential. This could allow the combinatorial analysis from experiment and
theory to draw a comprehensive picture of the evolution of interfacial water with respect to the
electrode potential.

Statistic of interfacial water molecule

62 Extract the configurations of water molecules in the interfacial region at each corresponding
electrode potential for a certain number of Na ions. The calculation results should be averaged over
all the sampling images after equilibration.

63 Define the interfacial water according to the atomic density for O and H atoms in the perpendicular
direction of the surface. Owing to the interaction between interfacial water and metal substrate, two
density peaks will generally emerge for O and H, respectively. At negative potentials, the H atoms
will be closer to the surface than O. Hence, we can use the O peak as a criterion for the definition of
interfacial water. According to the simulation on Au substrate, the interfacial region is determined
to be within 4.0 A to the metal surface.

A CRITICAL STEP The above criterion is subject to the investigated system and should be exercised
with caution to minimize the number of bulk water molecules mislabeled as interfacial water, as
well as the number of interfacial ones mislabeled as bulk water.

64 Calculate the probability distribution of the angle (¢) between the surface normal and the bisector
of the interfacial water molecules, and that (6) between the surface normal and O-H bond
direction. The ¢ and 0 angles of the interfacial water can indicate whether the molecules are parallel
to the surface or the O-H bonds tend to point towards the surface.

65 Count the number of hydrogen bonds in the interfacial region. The results could be leveraged to
derive insights into the potential-dependent evolution of interfacial water configurations. The
hydrogen bond can be defined by OO distance shorter than 3.5 A and O~O-H angle less than 35°.

66 Calculate the radial distribution function to analyze the distribution of water around Na™ ions,
which could serve as an indicator for defining the Na-H,O cluster. Radial distribution functionis
calculated as follows:

1 N N
g(r) - 47TNP72AT z,: ; (S(T' - rij)
where N is the number of O/H atoms, p is the corresponding average atomic density, r is the distance
from the Na ion, Ar is the distance interval in the calculation and & refers to the Dirac delta function.
It should be noted that the potential-dependent molecular orientation of water could vary for
different kinds of cations in the aqueous solution. In this regard, the AIMD simulation provides the
benefit of simplifying the parametrization process when compared with the force-field approach,
since the latter requires ad hoc optimization of the empirically determined interatomic potentials.
The easy generalization and computational efficiency of AIMD simulation makes its combination
with in situ spectroscopic measurements highly promising for enriching our understanding of
interfacial issues and electrocatalysis.
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Troubleshooting

Troubleshooting advice can be found in Table 1.

Table 1 | Troubleshooting table

Step Problem Possible cause Solution
3-5 Nonsymmetrically dispersed (111) and (100) Cooling down too fast Slow down hydrogen flame as much as possible
facets Au bead
18, 19  Indistinct characteristic CV of Au single crystal Electrochemical glass cell is Thoroughly and carefully clean the cell and
not clean prepare the electrolyte
20, 21  Particles agglomerate during centrifugation Centrifuge tubes may be Further clean centrifuge tubes before use
contaminated
34 Low enhancement of SHINs Calculation details were Double check the calculated processes
ignored
44 Difficult to control the distance between the Single-crystal surface is not flat  Level the lower surface of the window, carefully
window and the single-crystal surface adjust the electrode surface
47 Do not obtain the Raman signal of There are no SHINs in the The spot area is micron scale, allowing SHINs to
interfacial water collection region appear within the spot area
57 Total energy does not converge to the threshold The atomic configuration is Examine the initial configuration for any broken
for a simulation step unreasonable at this step bonds in the interfacial water region
Timing

Reagent setup: 1-3 h

Equipment setup: 10 h

Steps 1-6, preparation of Au bead: 2 h
Steps 7-13, preparation of Au half-bead single crystal: 2-3 d

Steps 14-19, characterization of Au single crystals: 1 h

Steps 20-22, preparation of Au NPs and SHINs: 2 h

Steps 23-26, pinhole test for the silica shell of SHINs: 15 min
Steps 27-28, (optional) stability in alkaline media: 5 h

Steps 29-34, enhancement effect test for SHINs: 15 min

Steps 35-38, assembly of SHINs on a single-crystal surface: 45 min
Steps 39-41, removal of the impurities by HER: 30 min

Steps 42-47, in situ electrochemical Raman: 0.5-5 h

Steps 48-49, Raman spectra processing: depends on the amount of data
Steps 50-56, model construction: 12-24 h
Steps 57-59, simulation of interfacial water: depends on the size of model and the computational

sources

Steps 60-61, calculation of electrode potential: 10-30 min
Steps 6266, statistics of interfacial water molecule: 2-5 h
These times represent averages. Specifically, some steps take more time to complete by a nonexpert

in a laboratory.

Anticipated results

Figure 10 shows the spectra of both interfacial water and bulk water. The signals of interfacial water
will be covered by bulk water if the enhancement effect is low. Therefore, researchers should prepare
the SHINs with a high enhancement effect (EF at least 10°) before the Raman experiment of

interfacial water.

In addition, the enhancement of SHINs shows good performance when they are placed on pure Au,
Ag and Cu electrodes, owing to the strong coupling effect of inner Au of SHINs with pure Au, Ag and
Cu materials®®~"’. However, Cu provides only around one-sixth enhancement (1,238.3 cps mW ', Cu)
compared with Au (Fig. 11a). Two obvious peaks at 528 and 613 cm ! attributed to CuO, (ref. )
were observed in the Raman spectra of pyridine adsorbed on Cu surface (Fig. 11b). Formation of Cu
oxide on the surface in the air could reduce the coupling effect of SHINs with Cu, and further decrease
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Fig. 10 | Raman spectra. Raman spectra of bulk water (blue) and interfacial water (red) at —1.35 V.
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Fig. 11 | Enhancement test of SHINs. a, SERS spectra of pyridine on Cu and Pt surfaces after spectral background removal. b, Original SERS spectra of
pyridine on Cu surface.

898

the enhancement. Ag is also easily oxidized in air to form a surface AgO, layer72. Therefore, elec-
trochemical reduction is required to remove the surface Cu/AgOy layers, which will improve the
enhancement of SHINs on the Cu/Ag surface, making SHINERS applicable to the study of interfacial
water on Cu/Ag surfaces.

The enhancement of SHINs is much lower when adsorbed on Pt transition metal surfaces
(1,005.9 cps mW ', Pt), as shown in Fig. 11a. The weak intrinsic coupling effect of SHINs with
transition metal results in a weaker enhancement than is observed when Au is used. A ‘borrowing
strategy’ that utilizes the Au and Au coupling effect by coating a transition metal on the Au surface can
therefore be used to directly obtain Raman signals of interfacial water on transition metal surfaces**.

Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary
linked to this article.

Data availability
Data generated or analyzed during this study are included in this article and ref. **. Source data are
provided with this paper.

Code availability
The code that supports the findings of this research is available from the corresponding authors upon
reasonable request.
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Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[ ] Public health

[ ] National security

|:| Crops and/or livestock
|:| Ecosystems

minninink;

|:| Any other significant area

Experiments of concern

Does the work involve any of these experiments ofconcern:

=
[e]

Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin
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ChlP-seq

Data deposition
|:| Confirm that both raw and final processed data have been deposited in a public database such asGEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.
Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e-g- UCSC) enable peer review. Write "no longer applicable" for "Final submission" documents.
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Methodology
Replicates Describe the experimental replicates, specifying number, type and replicate agreement.
Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.
Antibodies Describe the antibodies used for the ChlP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot

number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChiP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChiP-seq data. For custom code that has been deposited into a community

repository, provide accession details.

Flow Cytometry

Plots

Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.
Instrument Identify the instrument used for data collection, specifying make and model number.
Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a

community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.




Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial or

block (if trials are blocked) and interval between trials. g
(3
c
Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used to o
establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across '8
subjects). =
o)
Acquisition o
Imaging type(s) Specify: functional, structural, diffusion, perfusion. o
O
o
Field strength Specify in Tesla
=]
oa
Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size, 2
slice thickness, orientation and TE/TR/flip angle. 3
=
Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined. 3
Diffusion MRI [ ] Used [ Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.qg.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.q. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: D Whole brain D ROIl-based D Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.
(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a |Involved in the study
D D Functional and/or effective connectivity

D D Graph analysis

D D Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).
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Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.

Thischecklisttemplateislicensed under a Creative Commons Attribution4.0International License, which permits use, sharing, adaptation, distributionand reproductioninany medium or format, aslong asyou give
appropriate creditto the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party materialin this article are included in
thearticle's Creative Commons license, unlessindicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons license and your intended use is not permitted by
statutoryregulationorexceedsthe permitted use,youwillneedtoobtain permissiondirectlyfromthe copyrightholder. Toview acopyofthislicense, visithttp://creativecommons.org/licenses/by/4.0,
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