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Figure 1 (Color online) The evolution of the EDL model at the conductor interface. (a) Helmholtz model; (b) Gouy-Chapman model; (c) Stern model
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Figure 2 (Color online) Water mass density profiles [70].
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Table 2 Summary of calibration formulas for various interfacial pH analysis methods
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Table 3 Comparison of pH analysis methods
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Table 4 Summary of interfacial pH values in some systems
k& Jiik FiipH A ApH bulE 3t B PN
9.4 14 1 mol L™ KOH. 100% CO,. 1.1V vs. NHE
AR B AR/KOHIE TR SERS 10.0 > 14 3mol L™ KOH. 100% CO,. 1.1V vs. NHE [8]
9.5 14 1 mol L™ KOH. 33% CO, + Ar. 1.1 V vs. NHE
S OB AL 4.7-7.0 59 50 mmol L™ PB + 1.4 mol L™ NaCl
e SERS R [16]
R 47-72 5-9 50 mmol L™ MR ZE Mtk
BN I SRR P SERS PHM B30 5 B A AR, 2 T 8 R - [181]
TR Eh SR I O A O SERS 11.0 + 0.49 7.4 - [165]
R 6.0-8.0 4-10 Jr ik
NS = T
jz,mﬂéjfi;ﬁgﬁ; rL SERS 5575 4-10 sk [91]
4.0-7.5 4-10 ARk
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REASS -1
100 nm SO, AR e _ SNARE® i 73 74 150 mmol L _ K€l
F /TR h 2% (K CLE - 6.2 7.4 3 mmol L™ KCI [15]
BT MIR-FTIR ) - -
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2T "‘_IJ_‘,Xﬁ—:,ﬁ
D e D S R i R AT 71 74 2 WJR R A A 213]
b RTAE
T N
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= FE SR I A . s
AEﬁJ;t:%g? éfgiﬂ’l il W ApH,pre = 1.8 ApHyy = 7.0 - [80]
3.74 7.00 DMPG LUVSs/i g%
iy A7 FL Tl R M S T RIS 3.74 7.00 DOPG LUVsXUAI A% [88]
3.78 7.00 POPG LUVs# RNMEFIHE
WHRR IR EIMESELSH-H . - u
L ] i 5.6-4.5 3.6 FHTHpHACTACHE PR SR £90-10 Ak [214]
11.9 ~ 0.2 mol L™'BBRZEM. 1.2 V vs. RHE
i B AR SEIRAS 11.0 ~7 0.5 mol L™'BMRZEMR. 1.2V vs. RHE [46]
10.9 ~7 1 mol L™'BEMRZEMI. 1.2V vs. RHE
PR AR LR (AAO) K EPR KT #44H0.3 + 0.1 6.0-8.0 FLAER(29 + 3) nm (12]
LW (G FHAH0.6 + 0.1 6.0-8.0 FLAAH(8 + 3) nm
0-ALO; 7.72 6.6 -
ALO;-F~ 6.9 6.4 -
ALO;-80,” 49 3.8 -
y-ALO; EPR 7.16 >173 - [215]
TiO,-hydrogel 7 5.5 -
BS-50 type SiO, 7.5 5.7 -
TiO,-xerogel 7 6.1 -
YRR W;.“’“jzt 72 ~ 14 1 mol L™ KOHA W [5]
hr &1
/A R 13.9
HLHLHZ/NaCl 5.58 100Am™ 216
: BB 103 " (2161
P B R B A e
BS 4360 50D% 15 L A 10.5 6.0 NaCIVATE. —850 mV [217]
HIHLAR e (5 2% A ~3 12.3 TP F R h [21]
Hea e b R IF % FLAT N ket b g 2
T T SR A ~ 12 6.8 0.1 mol L™ BMAAZE M. —100 mA cm [3]
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B 3 # WIKISERSIREN /> T- 4. (a) 4-MBA; (b) 4-MPy; (c) 2-ABT; (d) 4-ATP
Figure 3 Common structures of SERS probe molecules. (a) 4-MBA; (b) 4-MPy; (c) 2-ABT; (d) 4-ATP.
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Figure 4 (Color online) (a) Working principle of the nanosensor: p-MBA-functionalized AuNRs were dispersed in a buffer solution to establish a
calibration curve. The local pH was quantitatively characterized by the intensity ratio of Raman peaks at 1410 cm™ (carboxyl stretching, pH-sensitive)
and 1080 cm™' (aromatic ring parallel C—C stretching, pH-insensitive) (/,4,//,0s0)- p-MBA sensed the solution that entered the nanoporous silicon layer
and approached the AuNR surface for detection; (b) calibration curve of the peak intensity ratio (/;40//,030) versus bulk solution pH in 1 mol L
phosphate buffer, fitted using the sigmoidal Boltzmann equation; (c) relationship between pH inside nanopores (pH,.) and bulk solution pH (pH,,) in
1 mol L™ phosphate buffer; the blue dashed line represents the theoretical line where pH,.. = pHy,i, and error bars are the standard errors of Raman
signals from 8 independent measurements.
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Figure 5 (Color online) (a) Scheme of the AFM-based TERS detection system; Incident light is focused by a high-numerical-aperture objective,
generating a locally enhanced optical field at the apex of the silver-coated tip, which excites Raman signals from a tiny area beneath the tip [148];
(b) SEM image of the silver-coated AFM tip. The tip was silver-coated by thermal evaporation, with a tip size of approximately 20 nm [148]; (c) plot of
the peak area ratio of p-MBA at 1422 and 1586 cm™ versus pH. Inset: structural transformation of p-MBA molecules [172]; (d) dependence of the
peak area ratio for the p-MBA-modified TERS tip on the distance from the amino-modified glass surface [172].
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Figure 6 (Color online) Ion distribution and pH imaging in microdroplets by SRS microscopy [181]. (a) Working principle of SRS microscopy;
(b) SRS spectra of sulfate species in standard solutions of Na,SO, (955-1015 cmfl) and NaHSO, (910-1130 cmfl); (c) SRS spectra of H,O in the
aforementioned Na,SO, and NaHSO, solutions in the range of 3214-3584 cmfl; two-dimensional distributions of SO427, HSO, , and pH in the XY
plane of a microdroplet (d =~ 2.9 pm): (d) SRS images of the microdroplet at Raman shifts of 3420 cm™ (H,0), 985 cm™ (SO42_), and 1050 cm™
(HSO,"); (e) chemical imaging of pH, SO42_, and HSO, inside the microdroplet; (f) concentrations of SO42_, HSO, ", and pH inside the microdroplet
as a function of distance from the center. SO42_ and HSO, were derived from four radial profiles (0°, 45°, 90°, and 135°), whereas the average pH was
calculated from parallel profiles (green box); insets show the line profiles and distribution maps of (bi)sulfate.
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Figure 7 (Color online) pH response of interfacial Py-Azo-pH probe and proton transfer at solid-liquid interfaces [186]. (a) Schematic illustration of
the reaction between interfacial Py-Azo-pH probe with Fe'" and its proton response; (b) Raman spectra of Interface-Py-Azo-pH solutions at different
pH values (c) plot of the Raman peak area ratio (435¢/43,9) of interfacial Py-Azo-pH versus pH; (d) average Raman spectra of interfacial Py-Azo-pH
probe adsorbed on nZVI and OX-nZVI in deionized water; (e, f) proposed mechanisms of proton transfer at nZVI/water and OX-nZVI/water

interfaces.
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Figure 8 (Color online) Three-dimensional distribution map of solution pH on a copper gas diffusion electrode [191]. Images were acquired at the
same position on the electrode, at different heights and under various current densities. From top to bottom, each row corresponds to 27 um above the
electrocatalyst surface, 0 um at the surface, 15 um below the surface, and 30 um below the surface, respectively. From left to right, each column
corresponds to current densities of 0 mA em™ (open-circuit condition with no reaction), —1.6, —3.4, —14.7, and —28.0 mA cm™, respectively. All

images share the same pH color scale and color bar.
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Figure 9 (Color online) Characterization of phosphate species distribution and pH at electrode surfaces using in-situ SEIRAS [46]. (a) AFM image
of Cu film sputtered on Ge substrate; (b) scheme of the spectroelectrochemical cell employed for in-situ SEIRAS measurements; (c¢) SEIRA spectra of
phosphate solutions at different pH values, revealing the dominant phosphate species; (d) phosphate speciation equilibrium derived from SEIRA
absorption intensities; (¢) concentration of phosphate species near the electrode surface as a function of applied potential.
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Figure 10 (Color online) In-situ pH characterization in confined AAO nanopores by EPR spectroscopy [12]. (a) Typical X-band EPR spectrum of R1
aqueous solution within AAO-1 channels at room temperature and an external pH of 5.89. The solid line corresponds to the hyperfine splitting
parameter a, which is used to quantify the protonation state of the nitroxide radical; (b) experimental EPR titration curves a = f{pH,,,) for R1 aqueous
solution in bulk and within AAO-1, AAO-2, AAO-3, and AAO-4 nanopores, along with the best fits to the modified Henderson-Hasselbalch equation;
(c) experimental plots of pH;,, vs. pH,, for AAO-3 and AAO-4 nanopores derived from EPR titration of R1. The dashed blue line represents the
condition pHj, = pHy.
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Abstract: Understanding and regulating solid-water interfacial processes is crucial to the technological advancement of
aqueous-phase catalysis, adsorption separation, and related fields. Interactions among solid surfaces, water, and solutes
can reshape the hydrogen-bond network and ion distribution within the interfacial microenvironment, giving rise to a pH
that differs from the bulk solution and thus profoundly modulating the kinetics and thermodynamics of diverse
interfacial reactions. Characterizing interfacial pH variations therefore represents an essential prerequisite for unraveling
interfacial behaviors and achieving precise interfacial regulation. Focusing on interfacial pH analysis, this review
elucidates how interfacial electric double-layer structures and hydrogen-bond networks govern proton distribution,
examines the influences of multiple interfacial properties on interfacial pH, and systematically summarizes the
principles, features, and applications of available interfacial pH detection methods. Finally, the remaining challenges and
promising future directions of this field are summarized and prospected.
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