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S1. Materials and reagents 

All the electrolytes were prepared using CO2-free deionized (DI) water (18.2 MΩ·cm). To 

remove CO₂, DI water was boiled in a 1 L borosilicate Florence flat-bottom flask, cooled to 

room temperature in the sealed flask, and stored in polypropylene bottles wrapped with 

Parafilm. Phosphate buffers were used as molecular probes, following previous studies.1,2 

However, based on critical considerations for using phosphate-buffered saline (PBS) 

electrolytes in water-splitting studies,3 no additional salts or components (e.g., NaCl) were 

added. To ensure clarity in the literature, we designated these electrolytes as phosphate 

molecular probe (PMP) electrolytes.  

PMP electrolytes were prepared at a concentration of 0.5 mol·L⁻¹ using reagent-grade 

potassium phosphate (PO₄³⁻), potassium hydrogen phosphate (HPO₄²⁻), and potassium 

dihydrogen phosphate (H₂PO₄⁻) (Sigma Aldrich, 99.9%, per certificate of analysis). The 

component ratios were based on the target pKa of the phosphoric acid equilibrium: pKa,2 = 

7.20 (HPO₄²⁻/H₂PO₄⁻) for near-neutral and pKa,3 = 12.36 (PO₄³⁻/HPO₄²⁻) for alkaline PMP 

electrolytes. For calibration curves, the pH was adjusted using 6 M nitric acid (VWR 

Chemicals BDH, ARISTAR PLUS, 67–70%) or 6 M potassium hydroxide (Sigma Aldrich, 

89.5%, per certificate of analysis).  

Platinum foil (Thermo Fisher Scientific, Premion™ 99.99% metals basis, thickness: 0.1 

mm) was used as the working and counter electrodes in all CFRS measurements. Prior to 

experiments, Pt foil electrodes (10 × 45 mm) were cleaned in ethanol (Pharmco, 99.5%) via 

sonication for 10 minutes, followed by electropolishing in a polytetrafluoroethylene (PTFE) 
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cell. Electropolishing was performed at 500 mA for 60 seconds per side of the foil in ~15 

mL of 50 wt% sulfuric acid (Supelco, ACS grade, 96.6%), using the Pt foil as the positive 

electrode and Pt gauze (Thermo Fisher Scientific, 99.9% metals basis, 52 mesh woven 

from 0.1 mm wire) as the negative electrode (interelectrode gap: 10 mm). After 

electropolishing, the Pt foils were rinsed with DI water and assembled into the flow cell.   
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S2. Electrochemical flow cell setup  

The electrochemical flow cell setup consists of a rectangular cell body with a threaded cap 

at the top, providing a clear visualization of the flow channel. Photos of the assembled cell 

are shown in Figure S1. The cell body and cap were made of acrylic and fabricated using 

computer numerical control (CNC) machining. PFA film (Chemours, thickness: 0.001 in) 

was used as a transparent window, enabling the laser to access the electrolyte within the 

flow channel. A 15 × 15 mm sheet of PFA film was placed on top of the flow channel and 

secured using a PTFE fixer and a gasket held in place by the threaded cap.  

The rectangular flow channel inside the cell measures 10 × 15 × 5 mm, with a total 

volume of 0.75 mL. Electrodes are positioned on opposite faces of the channel, with the 

working and counter electrodes facing each other (see Figure S1b). The exposed 

geometric area of each electrode is 0.5 cm², and all current densities in this study are 

normalized to this area. Polydimethylsiloxane (PDMS) gaskets were used to ensure a tight 

seal during assembly. 3D models of this electrochemical flow cell are freely available on 

this GitHub Repository. 

Once assembled, the flow cell was integrated into the flow system. A 250 mL Class A 

glass media bottle served as the electrolyte reservoir, with the cap modified to include two 

hose barbed fittings (3/16 inch) as tubing connectors. High-temperature silicone tubing 

(Fuel Cell Store, 4 mm ID × 6 mm OD) was selected for its durability in the flow circuit. The 

electrolyte was circulated using peristaltic pumps (KAMOER) equipped with Norprene 

chemical tubing (3.2 mm ID × 6.4 mm OD), with adjustable flow rates between 50 and 200 

https://github.com/ra-marquez/RAMCells/tree/d3a15dee6732a4ea6f9bd14106ac3ca3863671cf/Tracking%20Local%20pH%20Dynamics%20During%20Water%20Electrolysis%20via%20In-line%20Continuous%20Flow%20Raman%20Spectroscopy
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mL·min⁻¹. Flow rates for both catholyte and anolyte streams were monitored using a liquid 

flow controller connected to Hall sensor-equipped flow meters (DIGITEN, Model DFC15). 

Silicone tubing was carefully connected to the barbed fittings of the flow cell (see Figures 

1a and b in the Main Text).  

Fresh PMP electrolytes were used for each test. Before measurements, electrolytes 

were degassed with high-purity N₂ for 30 minutes using a plastic bubbler. The electrolytes 

were circulated through the system and into the flow cell to eliminate trapped air within the 

rectangular channel, ensuring steady flow rates. Electrochemical experiments were 

conducted in a two-electrode configuration, where the counter electrode (CE) and 

reference electrode (RE) alligator clips were connected to the counter electrode, while the 

working electrode (WE) alligator clip was attached to the electrode under study (see Figure 

1a).  

This cell design was specifically developed for use with metal foil electrodes. 

However, researchers are encouraged to modify the design to accommodate other 

electrode geometries. Nanoparticulate catalysts could be deposited on flexible substrates 

(e.g., carbon felts or metallic foams) or applied as thin films on metal foils, bent to fit the 

cell assembly. Note that complex morphologies and 3D electrodes may introduce 

additional challenges. For example, highly rough surfaces can create uneven boundaries 

between the electrode and electrolyte, affecting measurement accuracy. Ideally, the 

electrode surface should be as flat and smooth as possible. Additionally, electrodes with 

gaps and pores may form voids where ions or bubbles become trapped, complicating local 

pH measurements.   
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S3. Mass transfer characterization of the electrochemical flow cell 

The mass transfer properties of the electrochemical flow cell were characterized following 

established guidelines.4,5 Mass transfer coefficients were determined by limiting current 

measurements of ferricyanide ion reduction on nickel electrodes, with sodium carbonate 

as the background electrolyte. Nickel foil electrodes (Thermo Fisher Scientific, 99.5% 

metals basis, thickness: 0.1 mm) were electropolished using the same procedure as 

platinum foil, with nickel foam as the counter electrode. After polishing, the electrodes 

were rinsed with DI and assembled into the flow cell. Fresh electrolytes were prepared 

with analytical-grade reagents (purity ≥99%, Sigma-Aldrich), then degassed with ultra-high-

purity argon gas for 30 minutes before each experiment. The composition and other 

relevant properties of the electrolyte are summarized in Table S1.  

As shown in Figures S1c and d, an Ag/AgCl reference electrode was used exclusively 

for mass transfer characterization. This electrode was positioned upstream in the flow 

circuit using a tee fitting. The electrolyte reservoir was filled with ~200 mL and circulated at 

a fixed flow rate. Limiting current measurements of ferricyanide ion reduction were 

performed to characterize the mass transfer regime. In this method, the limiting current 

density (jL) increases proportionally with the flow rate when the system operates under 

complete mass transfer control (Figure S2a). For ferricyanide reduction, this regime is 

achieved at -0.4 V vs. Ag/AgCl. Once this potential was identified, steady-state 

measurements were conducted by polarizing the electrode at -0.4 V vs. Ag/AgCl for 120 

seconds at varying flow rates (Figure S2b). The steady-state current measured during 

these chronoamperometry runs corresponds to jL.   
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Table S1.  Flow cell and electrolyte properties for mass transfer characterization. 

Interelectrode gap, S 10 mm 

Flow channel width, B 10 mm 

Flow channel length, L 15 mm 

Flow channel height, H 5 mm 

Projected geometrical electrode area, Ageo = HL 0.5 cm2 

Equivalent diameter of the channel, de = 2BH/(B + H) 6.67 mm 

Cross section area of the channel, Across = HB  0.5 cm2 

Dimensionless length, Le = de /L 0.444 

Electrode compartment volume, Ve 0.75 cm3 

Volumetric flow rate, Q 
0.83 – 3.33 cm3·s-1   

(50 – 200 mL·min-1) 

Reynolds number, Re 
116 – 465   

(50 – 200 mL·min-1) 

Mean linear flow velocity, v = Q/Across 1.67 – 6.67 cm·s-1 

Electrolyte composition 

1 mM K3Fe(CN)6 

10 mM K4Fe(CN)6 

1 M Na2CO3 

Electrolyte density, ρ 1098.5 kg·m-3 

Electrolyte kinematic viscosity,  9.56 × 10-3 cm2·s-1 

Schmidt number, Sc 1494 

Temperature 298.15 ± 0.5 K 

Diffusion coefficient of ferricyanide ion, D 6.4 × 10-6 cm2·s-1 
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The product of the mass transfer coefficient and active electrode area, kmA, was 

calculated from the limiting current values using Eq. S1:6  

𝑘mA =
𝑗𝐿

nFcb
                                                                    (S1) 

where n is the number of electrons transferred, F is Faraday's constant, and cb is the bulk 

concentration of electroactive species. The mass transfer to a planar electrode was then 

estimated using the following empirical correlation:6,7  

𝑆ℎ = a𝑅𝑒b𝑆𝑐0.33𝐿𝑒
0.33                                                            (S2) 

where Re, Sh, Sc, and Le are the Reynolds number, Sherwood number, Schmidt number, 

and dimensionless length, respectively, defined as follows:6,8  

𝑅𝑒 =
𝑢de

ν
                                                                      (S3) 

𝑆𝑐 =
ν

D
                                                                         (S4) 

𝑆ℎ =
𝑘mde

D
                                                                     (S5) 

𝐿𝑒 =
de

L
                                                                        (S6) 

In these equations, u is the mean linear velocity of the fluid, de = 2BH/(B + H) is the 

equivalent diameter, H is the flow channel height, B is the channel width, ν is the kinematic 

viscosity of the electrolyte, D is the diffusion coefficient of ferricyanide, and L is the flow 

channel length.  
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The apparent diffusion boundary layer thickness (δ) was estimated from the mass 

transfer coefficient using:9 

δ =
D

𝑘m
                                                                        (S7) 

Figure S2c shows a plot of kmA as a function of the mean linear flow velocity. At 

approximately 3 cm·s-1 (corresponding to ~90 mL·min-1), a linear increase of kmA is 

observed with the flow rate. Similarly, as shown in Figure S2d, the linear relationship 

between the Sherwood (Sh) and Reynolds (Re) numbers establishes the validity of Eq. S2, 

with fitting constants displayed as insets in Figure S2d. These mass transfer parameters 

are useful for scaling studies or comparing hydrodynamics across systems with different 

cell architectures. Likely, the flow was not fully developed due to the absence of a calming 

section between the inlet and the electrode surface.7 This also explains the steeper slope 

(b value) in Figure S2d. 

Finally, Figure S2e shows the apparent diffusion boundary layer thickness as a 

function of the mean linear flow velocity and flow rate. As expected, δ decreases with 

increasing flow rate, from ~40 µm at 50 mL·min-1 (Re = 116) to ~15 µm at 200 mL·min-1 (Re = 

465). For this study, we focused on two flow rates: 50 mL·min-1 (δ = 40 µm, Re = 116) and 

100 mL·min-1 (δ = 30 µm, Re = 233). The decision to exclude 200 mL·min-1 was due to 

pronounced periodic fluctuations caused by the peristaltic pump at higher flow rates and 

the minimal difference in δ between shorter intervals. 
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S4. In-line continuous flow Raman spectroscopy measurements 

Electrochemical measurements 

Electrochemical measurements were performed using a Gamry Reference 620 

potentiostat/galvanostat. The open circuit potential (OCP) was recorded for 30 minutes to 

allow the cell to equilibrate. Once a stable OCP was achieved and the flow rate was set, a 

constant current step was applied via chronopotentiometry for 300 seconds. Raman 

spectroscopy measurements were conducted 120 seconds after initiating the constant 

current step, corresponding to the stabilization of the cell potential. Anodic and cathodic 

current densities of 0 (OCP only), 50, 100, and 200 mA·cm-2. A constant flow rate was 

maintained to ensure effective bubble removal from the electrode surface.   

Raman spectroscopy measurements 

Raman measurements were conducted using a Horiba LabRAM ARAMIS confocal 

Raman microscope equipped with a 50× magnification objective (Olympus LMPLFLN). A 

green 532 nm laser was chosen to produce a higher spatial resolution,10 and operated at 

50% of its total power. Based on the numerical aperture of the objective (NA = 0.5), the 

laser spot size was estimated to be ~1.3 µm. Prior to measurements, calibration was 

verified using a silicon wafer with a peak at 520.7 cm-1. 

Considering the specific geometry of the CFRS flow cell, the laser beam was first 

focused on the PFA window, then moved ~5 µm into the electrolyte in the Z direction. 

Subsequently, the laser was positioned at a specific XY coordinate relative to the electrode 

surface. Spectra were recorded with a resolution of 1 cm-1, centered at 900 cm-1 (range: 50 
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– 1750 cm-1). Each spectrum was collected over 180 seconds, averaging three scans (i.e., 

accumulations) of 60 seconds (i.e., acquisition time) each. No additional data processing 

was performed apart from normalizing peak intensities to the maximum values at the 

extremes of the calibration curve. Importantly, sulfate salts were excluded from the PMP 

electrolyte to avoid interference with phosphate features, as these salts exhibit 

overlapping Raman bands.10 Quantitative analyses were limited to spectra obtained on the 

same working electrode within the experimental sequence to ensure consistency.  
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S5. Analytical modeling of interfacial pH swings – Nocera pH model 

Veroneau and coworkers published a succinct pH model to obtain the local pH during the 

oxygen evolution reaction (OER) in buffered solutions.11 Considering the presence of 

hydroxide ions in solution, the authors obtained the following expression of the proton 

concentration at the electrode surface, (CH+)x=0: 

  

(CH+)x=0 = −
1

2
[

DB

DH+
CB

0 − (
𝑗OERδ

FDH+
+ CH+

0 − 𝐾a)]

+
1

2
√[

DB

DH+
CB

0 − (
𝑗OERδ

FDH+
+ CH+

0 − Ka)]
2

+ 4𝐾a (
𝑗OERδ

FDH+
+ CH+

0 +
DB

DH+
CBH

0 )

                   (S8) 

where DB is the diffusion coefficient of the deprotonated buffer (B), DH+ is the diffusion 

coefficient of H+, CB
0 is the bulk concentration of the deprotonated buffer, j is the applied 

current density, CH+
0 is the bulk concentration of H+, Ka is the acid-base equilibrium 

constant for the buffer species, and CBH
0 is the bulk concentration of the protonated buffer 

(BH). The step-by-step procedure to derive this expression can be found elsewhere.11 

Following the same assumptions, we derived an analogous expression for the 

hydrogen evolution reaction (HER). First, three electrochemical reactions are considered: 

(1) Water reduction with an acidic component of the buffer (BH+) as the source of H+: 

2BH+ + 2e− → H2 + 2B                                                         (S9) 

(2) Water reduction with water as the base: 

2H2O + 2e− → H2 + 2OH−                                                   (S10) 

(3) Proton reduction  
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2H+ + 2e− → H2                                                             (S11) 

At the electrode surface, x = 0, assuming fast proton transfer and, therefore, 

unconditional equilibrium: 

𝐾𝑎 =
(CH+)x=0 ∙ (CB)x=0

(CBH+)x=0
                                                     (S12) 

𝐾𝑒 = (CH+)x=0 ∙ (COH−)x=0                                                    (S13) 

At the diffusion layer and bulk solution interface, x = δ: 

(CH+)x=δ = CH+
0

(COH−)x=δ = COH−
0

(CB)x=δ = CB
0

(CBH+)x=δ = CBH+
0

                                                            (S14) 

𝐾𝑎 =
CH+

0 ∙ CB
0

CBH+
0                                                                 (S15) 

𝐾𝑒 = CH+
0 ∙ COH−

0                                                               (S16) 

In solution, 

d2(CB + CBH+)

dx2
= 0                                                           (S17) 

Hence,  

d(CB + CBH+)

dx
= [

d(CB + CBH+)

dx
]

x=0

= 0                                        (S18) 

It follows that, 

(CB)x=0 + (CBH+)x=0 = (CB)x=δ + (CBH+)x=δ = CB
0 + CBH+

0                       (S19) 
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In the boundary layer, 0 < x < δ: 

−DH+

d2CH+

dx2
− DBH+

d2CBH+

dx2
+ DOH−

d2COH−

dx2
= 0                               (S20) 

Therefore, the rate for HER is defined as follows: 

−
𝑗HER

F
= −DH+ (

dCH+

dx
)

x=0
− DBH+ (

dCBH+

dx
)

x=0
+ DOH− (

dCOH−

dx
)

x=0
            (S21) 

And we also have, 

DBH+ (
dCBH+

dx
)

x=0
= −DB (

dCB

dx
)

x=0
                                           (S22) 

Thus,  

−
𝑗HER

F
=

(−DH+CH+ − DBH+CBH+ + DOH−COH−)x=δ − (−DH+CH+ − DBH+CBH+ + DOH−COH−)x=0

δ
 (S23) 

Leading to,  

(CH+ +
DBH+

DH+
CBH+ −

DOH−

DH+
COH−)

x=0

= −
𝑗HERδ

FDH+
+ (CH+ +

DBH+

DH+
CBH+ −

DOH−

DH+
COH−)

x=δ

 (S24) 

It follows that, 

(CH+)x=0 +
DBH+

DH+
(CBH+)x=0 −

DOH−

DH+
(COH−)x=0 = −

𝑗HERδ

FDH+
+ CH+

0 +
DBH+

DH+
CBH+

0 −
DOH−

DH+
COH−

0  (S25) 

Solving for (CBH+)x=0, 

(CBH+)x=0 = −
DH+

DBH+
∙

𝑗HERδ

FDH+
+

DH+

DBH+
(CH+

0 −
DOH−

DH+
COH−

0 ) −
DH+

DBH+
[(CH+)x=0 −

DOH−

DH+
(COH−)x=0] + CBH+

0  (S26) 

And using Eq. S19, it follows that, 

(CB)x=0 = CB
0 +

DH+

DBH+
∙

𝑗HERδ

FDH+
−

DH+

DBH+
(CH+

0 −
DOH−

DH+
COH−

0 ) +
DH+

DBH+
[(CH+)x=0 −

DOH−

DH+
(COH−)x=0] (S27) 
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By substituting Eqs. S26 and S27 in Eq. S12, it follows that, 

𝐾𝑎 =
(CH+)x=0 ∙ {CB

0 +
DH+

DBH+
∙

𝑗HERδ
FDH+

−
DH+

DBH+
(CH+

0 −
DOH−

DH+
COH−

0 ) +
DH+

DBH+
[(CH+)x=0 −

DOH−

DH+
(COH−)x=0]}

CBH+
0 −

DH+

DBH+
∙

𝑗HERδ
FDH+

+
DH+

DBH+
(CH+

0 −
DOH−

DH+
COH−

0 ) −
DH+

DBH+
[(CH+)x=0 −

DOH−

DH+
(COH−)x=0]

   (S28) 

And using Eqs. S13 and S16 to remove (COH−)x=0 and COH−
0 ,  

𝐾𝑎 =

(CH+)x=0 ∙ {CB
0 +

DH+

DBH+
∙

𝑗HERδ
FDH+

−
DH+

DBH+
(CH+

0 −
DOH−

DH+
∙

𝐾𝑒

CH+
0 ) +

DH+

DBH+
[(CH+)x=0 −

DOH−

DH+
∙

𝐾𝑒

(CH+)x=0
]}

CBH+
0 −

DH+

DBH+
∙

𝑗HERδ
FDH+

+
DH+

DBH+
(CH+

0 −
DOH−

DH+
∙

𝐾𝑒

CH+
0 ) −

DH+

DBH+
[(CH+)x=0 −

DOH−

DH+
∙

𝐾𝑒

(CH+)x=0
]

   (S29) 

Eq. S29 can be simplified if the following conditions are considered: 

(CH+)x=0   and  CH+
0 " √

DOH−

DH+
∙ 𝐾𝑒                                                     (S30) 

And,  

CBH+
0 "  

DOH−

DBH+
∙ COH−

0                                                                  (S31) 

Thus, Eq. S29 becomes,  

𝐾𝑎 =
(CH+)x=0 ∙ [CB

0 +
DH+

DBH+
∙

𝑗HERδ
FDH+

−
DH+

DBH+
CH+

0 +
DH+

DBH+
(CH+)x=0]

−
DH+

DBH+
∙

𝑗HERδ
FDH+

+
DH+

DBH+
CH+

0 −
DH+

DBH+
(CH+)x=0 + CBH+

0
                      (S32) 

It follows that, 

DH+

DBH+
[(CH+)x=0]2 +  

DH+

DBH+
(−CH+

0 +
𝑗HERδ

FDH+
+

DBH+

DH+
CB

0 + 𝐾𝑎) (CH+)x=0

−
DH+

DBH+
(

DBH+

DH+
CBH+

0 + CH+
0 −

𝑗HERδ

FDH+
) ∙ 𝐾𝑎 = 0

                   (S33) 

Also,  
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[(𝐂𝐇+)𝐱=𝟎]𝟐 + [
DBH+

DH+
CB

0 − (−
𝑗HERδ

FDH+
+ CH+

0 − 𝐾𝑎)] (𝐂𝐇+)𝐱=𝟎

−𝐾𝑎 ∙ (−
𝑗HERδ

FDH+
+ CH+

0 +
DBH+

DH+
CBH+

0 ) = 0

                            (S34) 

Solving for (CH+)x=0,  

  

(𝐂𝐇+)𝐱=𝟎 = −
1

2
[
DBH+

DH+
CB

0 − (−
𝑗HERδ

FDH+
+ CH+

0 − 𝐾a)]

+
1

2
√[

DBH+

DH+
CB

0 − (−
𝑗HERδ

FDH+
+ CH+

0 − Ka)]
2

+ 4𝐾a (−
𝑗HERδ

FDH+
+ CH+

0 +
DBH+

DH+
CBH+

0 )

          (S35) 

Eq. S35 gives the surface concentration of H+ under HER current densities in the presence 

of a buffer (B/BH+) and slightly alkaline conditions. This equation is analogous to the OER 

expression proposed by the Nocera Group (Eq. S8).  

Table S2 contains the constants and parameters used to construct interfacial pH 

profiles as a function of the current density. Acid dissociation constants were retrieved 

from elsewhere (shown in Table S2 as pKa values).12 Diffusion coefficients were retrieved 

from COMSOL's thermodynamic database. The total bulk concentration of the buffer 

species was set to 0.5 mol·L-1. The bulk concentration of protons was estimated from the 

solution pH (in this case, equal to the studied pKa) using Eq. S36: 

CH+
0 =   10−pH                                                                (S36)  
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Table S2.  Parameters used to construct pH profiles using the Nocera Group's pH model. 

Phosphoric acid, pKa,2 (H2PO4
-/HPO4

2-) 7.20 

Phosphoric acid, pKa,3 (HPO4
2-/PO4

3-) 12.36 

Diffusion coefficient of H+, DH+ 9.31 × 10-5 cm2·s-1 

Diffusion coefficient of H2PO4
-, DBH+ 9.59 × 10-6 cm2·s-1 

Diffusion coefficient of HPO4
2-, DBH+ (for pKa,3), DB (for pKa,2) 7.59 × 10-6 cm2·s-1 

Diffusion coefficient of PO4
3-, DB 8.24 × 10-6 cm2·s-1 

Faraday constant, F 96 485.33 C·mol-1 
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S6. Analytical modeling of interfacial pH swings – COMSOL model 

Galvanostatic model 

To model the trends in measured pH, we solve species mass balances using a diffusion-

reaction model in the two experimentally tested electrolytes.13,14 In Case 1 (alkaline pH), 

the HER and OER occur in 0.5 M phosphate molecular probe (PMP) electrolyte near pKa,3 

(0.25 M K3PO4 + 0.25 M K2HPO4). In Case 2 (near-neutral pH), both reactions occur in 0.5 M 

PMP near pKa,2 (0.25 M K2HPO4 + 0.25 M KH2PO4). Electrolytes do not contain additional 

supporting electrolytes. All simulations were solved in one dimension using COMSOL 

Multiphysics 6.2 with the Electrochemistry package using the PARDISO solver. The finite 

elements modeling executed by COMSOL reduces to finite differences, and this system of 

equations is reproducible in any numerical solver. COMSOL was chosen to simplify the 

post-processing, setup, and handling of the buffering reactions. 

 

Scheme S1. Schematic of the diffusion-reaction model. (a) OER occurring in Case 1, 
where the buffer composition leads to an alkaline pH. (b) HER occurring in Case 2, where 
the buffer composition is nearly neutral. Not all species are pictured; concentration 
profiles are not to scale.    
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Governing equations 

In the diffusion layer within the electrolyte, we assume that the mass transfer of 

species to and from the surface governs the concentration profile. In this diffusion layer, 

phosphate buffer species will react to balance the consumption and generation of H+ and 

OH- by electrochemical surface reactions. We also neglect convection, assuming a 

stagnant diffusion layer. We therefore use the following 1D steady-state diffusion-reaction 

model, neglecting migration and convection: 

𝐽𝑖 = −𝐷𝑖∇𝑐𝑖                                                                  (S37) 

∇ ⋅ 𝐽𝑖 = 𝑅𝑖                                                                    (S38) 

𝐷𝑖

𝑑2𝑐𝑖

𝑑𝑥2
+ 𝑅𝑖  = 0                                                              (S39) 

where 𝐽𝑖  is the 1D flux of species i, 𝐷𝑖  is the diffusion coefficient of species i, 𝑐𝑖 is the 

concentration of species i, and 𝑅𝑖 is the homogeneous reaction rate. 

Eq. S37 is Fick's first law. According to Fick's law, mass transport is driven purely by 

diffusion via concentration gradients. We assume that all species are dilute, allowing the 

use of literature diffusion coefficients at infinite dilution. Potential, current, and potential-

driven migration are not modeled since we found their effect negligible over the length 

scale of the diffusion layer, where very large concentration gradients are present. Other 

diffusion-reaction models have also successfully modeled electrochemical phenomena 

over this length scale.11,13,14 Eq. S39 is the overall mass balance, which specifies that the 

flux balances the homogeneous reactions.  
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No momentum transport is modeled, although the experimental setup involves 

convective flow against the electrode plate. This assumption prevents the introduction of 

extra assumptions and 2D geometric features, which would be necessary to model a 

hydrodynamic boundary layer of fluid flow over the electrode. Therefore, we do not model a 

true boundary layer. Instead, the experimentally measured boundary layer thickness is 

used as the apparent boundary distance, δ. We, therefore, use the notations bulk and x=δ 

interchangeably here. The Péclet number over the diffusion layer of δ = 30μm, assuming < 

99% of the average linear velocity at 100 mL·min-1 (0.0256 m·s-1), is 𝑃𝑒 = 𝑢𝛿𝛿/𝐷𝑖 < 101.2, 

using the slowest diffusing model in the system (HPO4
2-, DHPO42- = 7.59 × 10-9 m2·s-1). This 

indicates that such a simplifying assumption does not accurately represent the system. 

However, a 2D hydrodynamic model is beyond the scope of this project, which seeks only 

to confirm that the expected buffer dynamics can explain the trends in pH measured 

experimentally. 

Based on these equations, there are eight concentration variables, one each for H3PO4, 

H2PO4
-, HPO4

2-, PO4
3-, OH-, H+, H2, and O2. For Case 1, which is highly alkaline, we model 

the following homogeneous reactions: 

H3PO4 + OH− ⇄
𝑘1,𝑓

𝑘1,𝑟

H2PO4
− + H2O                                               (S40) 

H2PO4
− + OH− ⇄

𝑘2,𝑓

𝑘2,𝑟

HPO4
2− + H2O                                               (S41) 

HPO4
2− + OH− ⇄

𝑘3,𝑓

𝑘3,𝑟

PO4
3− + H2O                                                 (S42) 

H2O ⇄
𝑘𝑤,𝑓

𝑘𝑤,𝑟

H+ + OH−                                                          (S43) 
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For Case 2, which is nearly neutral, we model the following homogeneous reactions: 

H3PO4 ⇄
𝑘1,𝑓

𝑘1,𝑟

H2PO4
− + H+                                                       (S44) 

H2PO4
− ⇄

𝑘2,𝑓

𝑘2,𝑟

HPO4
2− + H+                                                       (S45) 

HPO4
2− ⇄

𝑘3,𝑓

𝑘3,𝑟

PO4
3− + H+                                                         (S46) 

H2O ⇄
𝑘𝑤,𝑓

𝑘𝑤,𝑟

H+ + OH−                                                            (S47) 

The equilibrium constants were obtained from the literature. The equilibria for Eqs. 

S44 – S46 are governed by acid dissociation constants: pKa,1 = 2.16, pKa,2 = 7.20, and pKa,3 = 

12.36.15 Therefore, their equilibrium constants are Ka,1 = 6.918×10-3 M, Ka,2  = 6.166×10-8 M, 

and Ka,3 = 4.786×10-13 M. The equilibrium constant for water dissociation (Eqs. S43 and 

S47), Kw, is 1.01×10-14 M. On the other hand, the equilibria for Eqs. S40 – S42 are governed 

by Kb
-1, where Kw = Ka × Kb. This gives Kb,1

-1
 = 6.850×1011 M-1, Kb,2

-1
 = 6.105×106 M-1, and Kb,3

-1
  = 

47.38 M-1. 

The forward reaction rates for homogeneous reactions are obtained from the literature 

and given in Table S3. For each of the reactions, the reverse reaction rate is obtained using 

their equilibrium constants: 

𝐾 =
𝑘𝑓

𝑘𝑟
                                                                      (S48) 

⟹ 𝑘𝑟 =
𝑘𝑓

𝐾
                                                                      (S49) 

Combining the above reactions with the overall mass balance, Eq. S39, we obtain the 

following governing equations for the eight variables for Case 1 (alkaline pH): 
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Similarly, we obtain the following governing equations for the eight variables for Case 2 

(near-neutral pH): 

 

𝐷𝐻3𝑃𝑂4

𝑑2𝑐𝐻3𝑃𝑂4

𝑑𝑥2
−𝑘1,𝑓 × 𝑐𝐻3𝑃𝑂4

× 𝑐𝑂𝐻− + 𝑘1,𝑟 × 𝑐𝐻2𝑃𝑂4
= 0

𝐷𝐻2𝑃𝑂4
−

𝑑2𝑐𝐻2𝑃𝑂4
−

𝑑𝑥2
−𝑘2𝑓 × 𝑐𝐻2𝑃𝑂4

− × 𝑐𝑂𝐻− + 𝑘2,𝑟 × 𝑐𝐻𝑃𝑂4
2− + 𝑘1𝑓 × 𝑐𝐻3𝑃𝑂4

× 𝑐𝑂𝐻
− − 𝑘1,𝑟 × 𝑐𝐻2𝑃𝑂4

− = 0

𝐷𝐻𝑃𝑂4
2−

𝑑2𝑐𝐻𝑃 𝑂4
2−

𝑑𝑥2
−𝑘3,𝑓 × 𝑐𝐻𝑃𝑂4

2− × 𝑐𝑂𝐻
− + 𝑘3,𝑟 × 𝑐𝑃𝑂4

3− + 𝑘2,𝑓 × 𝑐𝐻2𝑃𝑂4
− × 𝑐𝑂𝐻

− − 𝑘2,𝑟 × 𝑐𝐻𝑃𝑂4
2− = 0

𝐷𝑃𝑂4
3−

𝑑2𝑐𝑃𝑂4
3−

𝑑𝑥2
+𝑘3,𝑓 × 𝑐𝐻𝑃𝑂4

2− × 𝑐𝑂𝐻
− − 𝑘3,𝑟 × 𝑐𝑃𝑂4

3− = 0

𝐷𝐻+

𝑑2𝑐𝐻+

𝑑𝑥2
+𝑘𝑤 ,𝑓 − 𝑘𝑤 ,𝑟 × 𝑐𝐻

+ × 𝑐𝑂𝐻
− = 0

𝐷𝑂𝐻−

𝑑2𝑐𝑂𝐻−

𝑑𝑥2
−𝑘1𝑓 × 𝑐𝐻3𝑃𝑂4

× 𝑐𝑂𝐻
− + 𝑘1,𝑟 × 𝑐𝐻2𝑃𝑂4

− − 𝑘2,𝑓 × 𝑐𝐻2𝑃𝑂4
− × 𝑐𝑂𝐻

− + 𝑘2,𝑟 × 𝑐𝐻𝑃𝑂4
2−

−𝑘3,𝑓 × 𝑐𝐻𝑃𝑂4
2− × 𝑐𝑂𝐻

− + 𝑘3,𝑟 × 𝑐𝑃𝑂4
3− + 𝑘𝑤 ,𝑓 − 𝑘𝑤 ,𝑟 × 𝑐𝐻

+ × 𝑐𝑂𝐻
− = 0

𝐷𝐾+

𝑑2𝑐𝐾+

𝑑𝑥2
= 0

𝐷𝐻2

𝑑2𝑐𝐻2

𝑑𝑥2
= 0

𝐷𝑂2

𝑑2𝑐𝑂2

𝑑𝑥2
= 0

 

𝐷𝐻3𝑃𝑂4

𝑑2𝑐𝐻3𝑃𝑂4

𝑑𝑥2
−𝑘1,𝑓 × 𝑐𝐻3𝑃𝑂4

+ 𝑘1,𝑟 × 𝑐𝐻2𝑃𝑂4
− × 𝑐𝐻+ = 0

𝐷𝐻2𝑃𝑂4
−

𝑑2𝑐𝐻2𝑃𝑂4
−

𝑑𝑥2
−𝑘2,𝑓 × 𝑐𝐻2𝑃𝑂4

− + 𝑘2,𝑟 × 𝑐𝐻𝑃𝑂4
2− × 𝑐𝐻+ + 𝑘1,𝑓 × 𝑐𝐻3𝑃𝑂4

− 𝑘1,𝑟 × 𝑐𝐻2𝑃𝑂4
− × 𝑐𝐻+ = 0

𝐷𝐻𝑃𝑂4
2−

𝑑2𝑐𝐻𝑃 𝑂4
2−

𝑑𝑥2
−𝑘3,𝑓 × 𝑐𝐻𝑃𝑂4

2− + 𝑘3,𝑟 × 𝑐𝑃𝑂4
3− × 𝑐𝐻+ + 𝑘2,𝑓 × 𝑐𝐻2𝑃𝑂4

− − 𝑘2,𝑟 × 𝑐𝐻𝑃𝑂4
2− × 𝑐𝐻+ = 0

𝐷𝑃𝑂4
3−

𝑑2𝑐𝑃𝑂4
3−

𝑑𝑥2
+𝑘3,𝑓 × 𝑐𝐻𝑃𝑂4

2− − 𝑘3,𝑟 × 𝑐𝑃𝑂4
3− × 𝑐𝐻+ = 0

𝐷𝐻+

𝑑2𝑐𝐻+

𝑑𝑥2
+𝑘3,𝑟 × 𝑘𝑤 ,𝑓 − 𝑘𝑤 ,𝑟 × 𝑐𝐻+ × 𝑐𝑂𝐻− + 𝑘1,𝑓 × 𝑐𝐻3𝑃𝑂4

− 𝑘1,𝑟 × 𝑐𝐻2𝑃𝑂4
− × 𝑐𝐻+

+𝑘2,𝑓 × 𝑐𝐻2𝑃𝑂4
− − 𝑘2,𝑟 × 𝑐𝐻𝑃𝑂4

2− × 𝑐𝐻+ + 𝑘3,𝑓 × 𝑐𝐻𝑃𝑂4
2− − 𝑘3,𝑟 × 𝑐𝑃𝑂4

3− × 𝑐𝐻+ = 0

𝐷𝑂𝐻−

𝑑2𝑐𝑂𝐻−

𝑑𝑥2
+𝑘3,𝑟 × 𝑘𝑤 ,𝑓 − 𝑘𝑤 ,𝑟 × 𝑐𝐻+ × 𝑐𝑂𝐻− = 0

𝐷𝐾+

𝑑2𝑐𝐾+

𝑑𝑥2
= 0

𝐷𝐻2

𝑑2𝑐𝐻2

𝑑𝑥2
= 0

𝐷𝑂2

𝑑2𝑐𝑂2

𝑑𝑥2
= 0
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Boundary conditions (BCs) 

The two 1D boundaries are the electrode surface (x = 0) and the bulk electrolyte at its 

boundary distance (x = δ). At the electrolyte bulk, all concentrations are specified (Dirichlet 

boundary conditions). At the electrode surface, all fluxes are specified (Neumann 

boundary conditions). For the second-order differential equation for each species (Eq. 

S39), these two BCs are sufficient to specify the system. 

BCs at x = δ 

We assume the electrolyte was well-mixed at the bulk due to forced convection 

(pumping), allowing all the acid-base reactions to equilibrate. The experimental 

concentration of buffers was used to determine the bulk concentration of H+ using the 

Henderson-Hasselbach equation: 

𝑝𝐻𝑏𝑢𝑙𝑘,𝐶𝑎𝑠𝑒 1 = 𝑝𝐾𝑎,3 + 𝑙𝑜𝑔10 (
𝑐𝑃𝑂4,𝑏𝑢𝑙𝑘

𝑐𝐻𝑃𝑂4,𝑏𝑢𝑙𝑘
)                                          (𝑆50) 

𝑝𝐻𝑏𝑢𝑙𝑘,𝐶𝑎𝑠𝑒 2 = 𝑝𝐾𝑎,2 + 𝑙𝑜𝑔10 (
𝑐𝐻𝑃𝑂4,𝑏𝑢𝑙𝑘

𝑐𝐻2𝑃𝑂4,𝑏𝑢𝑙𝑘
)                                         (𝑆51) 

cH+|x=δ =  10−pHbulk                                                               (S52) 

cOH−|x=δ =  10−(14−pHbulk)                                                        (S53) 

According to Eqs. S50 and S51, the bulk pH was 12.522 for Case 1 and 8.006 for Case 2. 

The bulk pH was also calculated via a more detailed model correcting for ionic strength,16 

which gave a theoretical bulk pH of 12.656 for Case 1 and 7.797 for Case 2. The 

experimentally measured bulk pH via pH meter was 12.52 for Case 1 and 7.63 for Case 2. 

All three bulk pH values are within experimental error. 

Due to mixing, the concentration of products is zero in the bulk: 
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𝑐𝑂2
|𝑥=𝛿 =  0                                                                  (S54) 

𝑐𝐻2
|𝑥=𝛿 =  0                                                                  (S55) 

The bulk concentration of the phosphate buffer species (H3PO4, H2PO4
-, HPO4

2-, PO4
3-) 

and their counterion, K+, come from the specified salt concentration. For example, for 

Case 1 at pH 12.32: 

𝑐𝐻3𝑃𝑂4
|𝑥=𝛿 =  0                                                                  (S56) 

𝑐𝐻2𝑃𝑂4
−|𝑥=𝛿 =  0                                                                  (S57) 

𝑐𝑃𝑂4
3−|𝑥=𝛿 =  0.30725 M                                               (S58) 

𝑐𝐻𝑃𝑂4
2−|𝑥=𝛿 =  0.5 M − 0.30725 M = 0.19275 M   (S59) 

𝑐𝐾+|𝑥=𝛿 =  2 × 𝑐𝐻𝑃𝑂4
2−|𝑥=𝛿 + 3 × 𝑐𝑃𝑂4

3−|𝑥=𝛿         (S60) 

BCs at x = 0 

Flux is modeled by Fick's first law in this dilute system: 

𝐽𝑖 = 𝐷𝑖

𝑑𝑐𝑖

𝑑𝑥
                                                            (S61) 

By convention, positive flux represents the influx of species from the electrode to the 

electrolyte, while negative represents the consumption of electrolyte species. At the 

electrode surface, we assume that the HER and OER lead to surface fluxes for O2 (for OER), 

H2 (for HER), OH- (for Case 1 near pKa,3), and H+ (for Case 2 near pKa,2). There is no flux for 

other species: 

𝐽𝐻3𝑃𝑂4
|𝑥=0 =  0                                                                  (S62) 

𝐽𝐻2𝑃𝑂4
−|𝑥=0 =  0                                                                  (S63) 

𝐽𝐻𝑃𝑂4
2−|𝑥=0 =  0                                                                  (S64) 

𝐽𝑃𝑂4
3−|𝑥=0 =  0                                                                  (S65) 

𝐽𝐾+|𝑥=0 =  0                                                                  (S66) 
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O2 and H2 surface fluxes are calculated at a given current density using Faraday's law: 

𝑅OER =  
𝑗OER

4F
                                                                (S67) 

𝑅HER =  
−𝑗HER

2F
                                                              (S68) 

𝐽𝑂2
|𝑥=0 =  𝑅OER                                                               (S69) 

𝐽𝐻2
|𝑥=0 =  𝑅HER                                                               (S70) 

where F is Faraday's constant. We assume perfect selectivity towards H2 at negative and 

O2 at positive current densities. Water oxidation to hydrogen peroxide via a 2-electron 

process is neglected. 

For Case 1, OH- and H+ fluxes are calculated as follows: 

𝐽𝑂𝐻−|𝑥=0 =  −4𝑅OER + 2𝑅HER                                               (S71) 

𝐽𝐻+|𝑥=0 =  0                                                                  (S72) 

For Case 2, OH- and H+ fluxes are calculated as follows: 

𝐽𝑂𝐻−|𝑥=0 =  0                                                                 (S73) 

𝐽𝐻+|𝑥=0 =  4𝑅OER − 2𝑅HER                                                    (S74) 

Geometry 

The modeled geometry is one-dimensional from the electrode surface to the bulk 

electrolyte. The apparent diffusion layer thickness δ was based on experimentally 

measured values. Experiments gave a boundary layer thickness of 30.5 μm at 100 mL·min-1 

electrolyte circulation and 40 μm at 50 mL·min-1. The 1D finite element length was at most 

1 μm from x = 1 μm to x = δ and at most 0.001 μm from x = 0 μm to x = 1 μm. Element length 

transitioned smoothly in the region of approximately 1 to 2 μm with a maximum growth rate 

of 1.2. A node was also added at 10 μm to mimic the experimental probe position. 
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Table S3.  Parameters used to construct local pH profiles using the COMSOL model. 

Description Value Ref. 

Bulk concentration of K2HPO4 in Case 2 0.25 This work 

Bulk concentration of K3PO4 in Case 1 0.25 This work 

Bulk concentration of total phosphate salts 0.500 This work 

Diffusion coefficient of H+ in water, DH+ 9.31 × 10-5 cm2·s-1 15 

Diffusion coefficient of O2 in water, DO2 2.01 × 10-5 cm2·s-1 15 

Diffusion coefficient of H2 in water, DH2 4.58 × 10-5 cm2·s-1 15 

Diffusion coefficient of K+ in water, DK+ 1.96 × 10-5 cm2·s-1 15 

Diffusion coefficient of H3PO4, DH3PO4 8.70 × 10-6 cm2·s-1 15 

Diffusion coefficient of H2PO4
-, DH2PO4- 9.59 × 10-6 cm2·s-1 15 

Diffusion coefficient of HPO4
2-, DHPO42-  7.59 × 10-6 cm2·s-1 15 

Diffusion coefficient of PO4
3-, DPO43- 8.24 × 10-6 cm2·s-1 15 

Diffusion coefficient of OH- in water, DOH- 5.27 × 10-5 cm2·s-1 15 

Apparent diffusion layer thickness, δ, at 100 mL·min-1 30.5 μm This work 

Equilibrium constant, water dissociation, Kw 1.01 × 10-14 M 15 

Faraday constant, F 96 485.33 C·mol-1 9 

Forward rate, H3PO4 to H2PO4
-, acidic, k1,f 5.6 × 108 s-1    17 

Forward rate, H3PO4 to H2PO4
-, alkaline, k1,f  4.2 × 104 M-1·s-1 18 

Forward rate, H2PO4
- to HPO4

2-, acidic, k2,f 3.1 × 106 s-1    19 

Forward rate, H2PO4
- to HPO4

2-, alkaline, k2,f 2.0 × 104 M-1·s-1 20 

Forward rate, HPO4
2- to PO4

3-, acidic, k3,f 1.4 × 105 s-1    19 



 

S28 

 

Forward rate, HPO4
2- to PO4

3-, alkaline, k3,f 1.5 × 105 M-1·s-1 20 

Forward rate of reaction, water dissociation, kw,f 2.4 × 10-5 M·s-1 21,22 

First dissociation, pKa,1 (H3PO4/ H2PO4
-) 2.16 12 

Second dissociation, pKa,2 (H2PO4
-/HPO4

2-) 7.20 12 

Third dissociation, pKa,3 (HPO4
2-/PO4

3-) 12.36 12 

Universal gas constant 8.314 J (mol·K)-1 9 

Temperature of reaction 293.15 K This work 
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Supporting figures, tables, and schemes 

Mass transfer characterization of the electrochemical flow cell 

 
Figure S1. Experimental setup for characterizing the mass transport properties of the 
CFRS flow cell: (a) photograph of the assembled flow cell and its components, (b) bottom 
view of the flow cell highlighting the flow channel, (c) view of the flow system configured for 
ferricyanide reduction, and (d) close-up of the flow cell during mass transport 
characterization tests.    
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Figure S2. Mass transport characterization of the CFRS flow cell: (a) Linear sweep 
voltammograms of ferricyanide reduction under complete mass transport conditions at 
increasing flow rates, (b) steady-state ferricyanide reduction tests conducted via multistep 
chronoamperometry at increasing flow rates, (c) plot of the mass transport coefficient-
area product as a function of mean linear flow velocity, (d) Sherwood number as a function 
of the Reynolds number. The dashed line represents the linear fit of the logarithmic 
function displayed. (e) Boundary layer thickness, estimated from the mass transport 
coefficient (Eq. 7), as a function of mean linear flow velocity and flow rate. Uncertainty 
bars indicate the standard deviation derived from three replicate measurements. 
Additional experimental conditions: Ni foil electrodes (geometric area: 0.5 cm2), 1 M 
Na2CO3 supporting electrolyte at 20 ºC.  
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In-line CFRS experiments using PMP electrolyte under alkaline conditions  

 
Figure S3. Calibration curve of the phosphate molecular probe under alkaline pH 
conditions (pKa,3 = 12.36): (a) Raman spectra recorded at varying pH values, and (b) plot of 
the phosphate/monohydrogen phosphate peak ratio as a function of bulk pH. The dashed 
line in (b) represents the linear fit of the displayed function. The calibration curve is valid 
within the range where both phosphate and monohydrogen phosphate peaks concur. 
Additional experimental conditions: Spectra were collected using the flow cell loaded with 
PMP electrolyte at 20 °C and OCP. The pH was adjusted using 3 M HNO3 or 3 M KOH as 
needed. Data were collected with the laser beam positioned at the center of the flow 
channel (nominally 5 mm from each electrode). Flow rate: 100 mL·min–1.  

 

Supporting Note: The calibration curve is linear within the region where both PO4
3- and 

HPO4
2- bands at 939 and 990 cm-1 are visible.     
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Figure S4. Local (a) H+ and (b) OH- concentrations as a function of the applied current 
density for in-line CFRS measurements using the phosphate molecular probe under 
alkaline pH conditions (pKa,3 = 12.36). Corresponding pH values are shown in parentheses. 
Data were collected with the laser beam located nominally 10 µm from the electrode 
surface. The scale on the y-axis was multiplied by a factor of 1012 in (a) and 102 in (b). 

Supporting Note: The local H+ concentration was calculated from the experimental local 

pH, obtained via the in-line CFRS technique, by using Eq. S75:   

cH+,   local =  10−pHlocal                                                         (S75) 

The local OH- concentration was calculated from the local pOH using Eq. S76:   

cOH−,   local =  10−pOHlocal                                                       (S76) 

where pOHlocal = 14 − pHlocal . 
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Figure S5. Raman spectra collected during location-dependent local pH tests under 
alkaline pH conditions: Spectra collected under OER current densities at a flow rate of (a) 
50 and (b) 100 mL·min–1. Spectra collected under HER current densities at a flow rate of (c) 
50 and (d) 100 mL·min–1. The spectra are stacked to reflect increasing distances from the 
electrode surface, with corresponding pH values estimated using the calibration curve for 
PMP electrolyte at alkaline pH (Figure S3). 



 

S34 

 

 

 
Figure S6. Local pH profiles as a function of distance from the electrode surface under (a) 
HER and (b) OER current densities. Local H+ concentration as a function of distance from 
the electrode surface under (c) HER and (d) OER current densities. Measurements were 
performed on the 0.5 M PMP system under alkaline conditions (pKa,3 = 12.36) at flow rates 
of 50 and 100 mL·min–1. Horizontal dashed lines indicate the pH (or H+ concentration) 
estimated from Raman peak intensities measured at OCP. Uncertainty bars indicate the 
standard deviation derived from three replicate measurements. The scale on the y-axis for 
(c) and (d) was multiplied by a factor of 1012. 

Supporting Note: The local H+ concentration was calculated from the experimental local 

pH, obtained via the in-line CFRS technique, using Eq. S75.   
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In-line CFRS experiments using PMP electrolyte under near-neutral conditions 

 
Figure S7. Calibration curve of the phosphate molecular probe under near-neutral 
conditions (pKa,2 = 7.20): (a) Raman spectra recorded at varying pH values, and (b) plot of 
the monohydrogen phosphate/dihydrogen phosphate peak ratio as a function of bulk pH. 
The dashed line in (b) represents the linear fit of the displayed function. The calibration 
curve is valid within the range where monohydrogen phosphate and dihydrogen phosphate 
peaks concur. Additional experimental conditions: Spectra were collected using the flow 
cell loaded with PMP electrolyte at 20 °C and OCP. The pH was adjusted using 3 M HNO3 or 
3 M KOH as needed. Data were collected with the laser beam positioned at the center of 
the flow channel (nominally 5 mm from each electrode). Flow rate: 100 mL·min–1. 

 

Supporting Note: The calibration curve is linear within the region where both HPO4
2- and 

H2PO4
- bands at 989 and 877 cm-1 are visible.     
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Figure S8. Local (a) H+ and (b) OH- concentrations as a function of the applied current 
density for in-line CFRS measurements using the phosphate molecular probe under near-
neutral conditions (pKa,2 = 7.20). Corresponding pH values are shown in parentheses. Data 
were collected with the laser beam located nominally 10 µm from the electrode surface. 
The scale on the y-axis was multiplied by a factor of 106 in both plots. 

Supporting Note: The local H+ and OH- concentrations were calculated from the 

experimental local pH, obtained via the in-line CFRS technique, using Eqs. S75 and S76.   
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Figure S9. Magnitude of local (a) H+ and (b) OH- concentrations as a function of the applied 
current density for the in-line CFRS technique using the phosphate molecular probe. Data 
were collected with the laser beam located nominally 10 µm from the electrode surface. 
The scale on the y-axis was multiplied by a factor of 106 in (a) and 102 in (b). 

Supporting Note: The local H+ and OH- concentrations were calculated from the 

experimental local pH, obtained via the in-line CFRS technique, using Eqs. S75 and S76.    
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Analytical modeling of interfacial pH swings 

 

Figure S10. Local pH as a function of the current density for the phosphate molecular 
probe at (a) pKa,3 and (b) pKa,2 using the local pH model proposed by the Nocera Group.11 
Corresponding local H+ concentration plots for (c) pKa,3 and (d) pKa,2 are included. 
Horizontal dashed lines represent the bulk pH/H+ concentration for phosphate buffer at the 
corresponding pKa value. The pH and H+ concentration profiles are plotted at increasing 
boundary layer thickness (10, 20, 25, 30, and 40 μm). Parameters obtained from this model 
refer to the electrode surface (x = 0). The constants used to plot these pH profiles are 
shown in Table S2.   
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Figure S11. Local pH as a function of the current density for the phosphate molecular 
probe at (a) pKa,3 and (b) pKa,2 using the local pH model built in COMSOL Multiphysics. 
Corresponding local H+ concentration plots for (c) pKa,3 and (d) pKa,2 are included.  
Horizontal dashed lines represent the bulk pH/H+ concentration for phosphate buffer at the 
corresponding pKa value. The pH and H+ concentration profiles are plotted at increasing 
boundary layer thickness (10, 20, 25, 30, and 40 μm). Parameters obtained from this model 
refer to the electrode surface (x = 0). The constants used to plot these pH profiles are 
shown in Table S3. 
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Figure S12. Local pH as a function of the current density for the phosphate molecular 
probe at (a) pKa,3 and (b) pKa,2 using the local pH model built in COMSOL Multiphysics. 
Corresponding local H+ concentration plots for (c) pKa,3 and (d) pKa,2 are included.  
Horizontal dashed lines represent the bulk pH/H+ concentration for phosphate buffer at the 
corresponding pKa value. The pH and H+ concentration profiles are plotted at increasing 
boundary layer thickness (10, 20, 25, 30, and 40 μm). Parameters obtained from this model 
refer to a distance of 10 μm from the electrode surface. The constants used to plot these 
pH profiles are shown in Table S3.  
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Figure S13. Local pH as a function of distance from the electrode surface under: (a) HER 
and (b) OER current densities, estimated using the local pH model built in COMSOL 
Multiphysics for the 0.5 M PMP system under alkaline conditions (pKa,3 = 12.36). 
Corresponding local H+ concentration plots for (c) HER and (d) OER current densities are 
included. The pH and H+ concentration profiles are plotted at two boundary layer 
thicknesses (30 and 40 μm), corresponding to the experimental flow rates of the in-line 
CFRS technique (50 and 100 mL·min–1, Figure S2e). Parameters obtained from this model 
refer to a distance of 10 μm from the electrode surface. The constants used to generate 
these plots are shown in Table S3. 
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Figure S14. Local pH as a function of distance from the electrode surface under: (a) HER 
and (b) OER current densities, estimated using the local pH model built in COMSOL 
Multiphysics for the 0.5 M PMP system under near-neutral conditions (pKa,2 = 7.20). 
Corresponding local H+ concentration plots for (c) HER and (d) OER current densities are 
included. The pH and H+ concentration profiles are plotted at two boundary layer 
thicknesses (30 and 40 μm), corresponding to the experimental flow rates of the in-line 
CFRS technique (50 and 100 mL·min–1, Figure S2e). Parameters obtained from this model 
refer to a distance of 10 μm from the electrode surface. The constants used to generate 
these plots are shown in Table S3. 
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Figure S15. Magnitude of local pH changes as a function of the applied current density for 
the phosphate molecular probe at (a) pKa,3 and (b) pKa,2. Experimental results from the in-
line CFRS technique are contrasted with local pH profiles derived from the pH model 
proposed by the Nocera Group and our continuum model built in COMSOL Multiphysics. 
The boundary layer thickness (δ) is shown in parentheses and equals 30 µm for all 
scenarios. Local pH values were calculated at 10 µm from the electrode surface for the 
experimental CFRS method and COMSOL model. The horizontal dashed line shows the 
bulk pH for the PMP electrolyte at its pKa as a reference.  
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Figure S16. Magnitude of local H+ concentrations as a function of the applied current 
density for the phosphate molecular probe at (a) pKa,3 and (b) pKa,2. Magnitude of local OH- 
concentrations as a function of the applied current density for the phosphate molecular 
probe at (c) pKa,3 and (d) pKa,2. Experimental results from the in-line CFRS technique are 
contrasted with local H+ and OH- concentrations derived from the pH model proposed by 
the Nocera Group and our continuum model built in COMSOL Multiphysics. The boundary 
layer thickness (δ) is shown in parentheses. Local ion concentrations were calculated at 
10 µm from the electrode surface for the experimental CFRS method and our continuum 
model. The horizontal dashed lines in (a) and (b) show the bulk H+ concentrations for the 
PMP electrolyte at its Ka as a reference. Dashed lines for (c) and (d) show the bulk OH- 
concentrations at Kb. 
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In-line CFRS method validation and applicability  

 

 
Figure S17. Full-cell polarization curves for different near-neutral and alkaline electrolytes 
tested during in-line CFRS measurements. The cell potential was corrected for the total iR 
drop using galvanostatic EIS (details below). Each data point represents the average 
potential from multistep chronopotentiometry runs. Measurements were performed in the 
same flow cell used for in-line CFRS experiments at a flow rate of 100 mL·min-1 and 20 °C.  
Additional performance metrics extracted from the polarization curves and EIS are shown 
in Table S4. 

 

Supporting note: Although electrochemical performance is not the primary focus of this 

study, polarization curves and EIS data for various electrolytes are provided to highlight 

differences in their electrochemical behavior. Multistep CP runs were used to construct 

full-cell polarization curves. Each constant current step lasted 300 s, followed by 

galvanostatic EIS at the same current. Average cell voltages were derived from the final 60 

s of each step. Galvanostatic EIS was used to measure the high-frequency resistance 

(HFR), which accounts for the ion conduction resistance, Rion, from the electrolyte, and the 

electronic resistance, Rel, from the electrode:23 

HFR = 𝑅ion + 𝑅el                                                             (S77)   

Galvanostatic EIS was conducted at 15 mA·cm-2, with an AC amplitude of 5 mA over a 

frequency range of 100 kHz to 1 Hz, with drift correction enabled. The HFR was obtained 
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from the high-frequency intercept of the Nyquist plot with the real axis.24 Next, the HFR 

measured at each step was used to calculate the iR-corrected potential, ECell, iR-free, for each 

corresponding cell voltage, Ecell, based on Eq. 78:24 

𝐸Cell,𝑖𝑅−free = 𝐸cell − 𝑖 · HFR                                                   (S78)   

where i is the current applied at each step. Table S4 summarizes electrochemical 

performance metrics for each electrolyte.  

 

Table S4.  Electrochemical metrics for different electrolytes tested in the CFRS flow cell. 

Electrolyte  Bulk pH 
HFR @ 15 mA·cm-2 

from EIS (Ω) 
ECell,iR-free @ 100 

mA·cm-2 (V) 

1 M KOH + 0.5 M PMP (pKa,3) 13.99 5.60 ± 0.01 2.019 

1 M KOH 13.99 6.54 ± 0.04 2.028 

0.1 M KOH 13.23 55.80 ± 3.33 2.045 

0.5 M PMP (pKa,3) 12.33 16.32 ± 0.13 2.355 

1 M K2CO3 + 0.5 M PMP (pKa,3) 11.87 7.50 ± 0.02 2.261 

0.5 M PMP (pKa,2) 7.43  22.99 ± 0.12 2.832 

0.5 M K2SO4 7.36 30.04 ± 0.47 3.010 

The uncertainty indicates the standard deviation derived from five EIS measurements. 

 
Results from Figure S17 and Table S4 suggest that adding phosphate species has 

minimal impact on the catalytic performance of water-splitting reactions. For example, 

after extracting the HFR, the 1 M KOH and 1 M KOH + 0.5 PMP electrolytes exhibit nearly 

identical performance. Note that the 0.5 PMP electrolyte alone shows higher 

overpotentials than 0.1 M KOH. Except for the carbonate-containing electrolyte, the cell 

potential decreases as the solution pH increases, indicating that the OH- concentration 

likely limits catalytic performance. These results suggest that the PMP does not influence 

the catalytic performance significantly, at least under the conditions used for in-line CFRS 

measurements (i.e., high current densities, Pt electrodes, room temperature).  
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Figure S18. Raman spectra collected during in-line CFRS experiments under alkaline 
(pKa,3) and near-neutral (pKa,2) conditions at high current densities used to determine the 
signal-to-noise ratio (SNR), limit of detection (LOD), and limit of quantitation (LOQ). 
Dashed lines indicate the peak position for the corresponding species from the PMP 
electrolyte. Data were collected with the laser beam located nominally 10 µm from the 
electrode surface. Flow rate: 100 mL·min–1. 

 
Supporting note: The signal-to-noise ratio (SNR) and limit of detection (LOD) were 

estimated at high current densities, where one of the peaks used for calculating the peak 

ratio decreases significantly and may be obscured by background noise. The SNR was 

determined following guidelines from the Raman spectrometer's manufacturer:25 

SNR =
S

N
=

𝑦𝑖 − 𝑦b

√𝑦b

                                                          (S79) 

where S is the signal intensity, N is the noise intensity, yi is the intensity at a certain peak of 

interest i, and yb is the intensity of the background (i.e., at a spectrum range where no 

signal is present). The value of yb was averaged within the 650 – 750 cm-1 range (Figure 

S18). The SNR was calculated for the Raman peaks used for estimating the local pH from 

calibration curves on 0.5 M PMP electrolytes (at pKa,3 and pKa,2). Results are shown in Table 

S5. This SNR estimation method was used in other control experiments at different 

electrolytes and concentrations (vide infra).  
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Table S5.  SNR estimation from in-line CFRS measurements at high current densities. 

Electrolyte j (mA·cm2) yb,mean @ 
700 cm-1 

Peak position 
(cm-1)  yi @ peak SNR 

PMP 0.5 M (pKa,3) 200 11.04 936 45.50 ± 0.96 10.37 ± 0.29 

PMP 0.5 M (pKa,3) 200 11.04 990 81.50 ± 1.50 21.20 ± 0.32 

PMP 0.5 M (pKa,3) −200 8.86 936 99.00 ± 1.46 30.27 ± 0.49 

PMP 0.5 M (pKa,3) −200 8.86 990 31.66 ± 1.08 7.66 ± 0.36 

PMP 0.5 M (pKa,2) 200 11.80 990 25.83 ± 0.97 4.09 ± 0.28 

PMP 0.5 M (pKa,2) 200 11.80 877 50.93 ± 1.72 11.39 ± 0.50 

PMP 0.5 M (pKa,2) −200 10.44 990 59.52 ± 1.42 15.19 ± 0.44 

PMP 0.5 M (pKa,2) −200 10.44 877 20.05 ± 0.28 2.97 ± 0.09 

The uncertainty indicates the standard deviation derived from three replicate measurements. 
 

The LOD was calculated using Eq. S80:26 

LOD = 𝑦b + 3sb                                                              (S80) 

where sb is the standard deviation of the noise signal. The value of yb was averaged within 

the 650 – 750 cm-1 region, and the value of sb was obtained within the same range. The 

limit of quantitation (LOQ) can be used as a more rigorous threshold for ensuring precise 

quantitative measurements: 26 

LOQ = 𝑦b + 10sb                                                             (S81) 

Table S6 shows the LOD and LOQ for the studied electrolytes.  

 
Table S6.  LOD and LOQ values from in-line CFRS measurements at high current densities. 

Electrolyte Current density 
(mA·cm2) 

yb,mean @ 
700 cm-1 

sb  LOD LOQ 

PMP 0.5 M (pKa,3) 200 11.04 1.80 16.45 29.05 

PMP 0.5 M (pKa,3) −200 8.86 2.45 16.21 33.34 

PMP 0.5 M (pKa,2) 200 11.80 2.11 18.14 32.93 

PMP 0.5 M (pKa,2) −200 10.40 1.88 16.08 29.24 
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Comparison of the LOD values (Table S6) with the lowest peak intensities (yi) in Table 

S5 shows that our method can clearly distinguish the weakest signal from the background 

even at the highest current density. Similarly, most peak intensities are above the LOQ, 

with only two measurements for the 0.5 M PMP electrolyte at pKa,2 falling slightly below this 

threshold. The SNR for the lowest intensity peaks remains above the minimum threshold 

(SNR = 2–3) required to ensure reliable signal detection, as recommended elsewhere.27  

Note, however, that the SNR values for the 0.5 M PMP electrolyte at pKa,2 are significantly 

lower than those at pKa,3. Therefore, increasing the concentration above 0.5 M may be 

necessary to improve the SNR in near-neutral PMP electrolytes.   
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Figure S19. Raman spectra of alkaline electrolytes containing 0.5 M PMP (pKa,3),  collected 
during in-line CFRS experiments under high current density conditions. Dashed lines 
indicate the peak position for the corresponding species from the PMP electrolyte, along 
with the CO3

2- band observed only in the K2CO3-containing electrolyte. Data were collected 
with the laser beam located nominally 10 µm from the electrode surface. Flow rate: 100 
mL·min–1. 

 
Supporting note: PMP was added to other alkaline electrolytes to verify the applicability of 

the in-line CFRS method. Raman spectra were recorded under high current conditions, 

where one of the peaks used for calculating the peak ratio decreases significantly and may 

be obscured by the background. KOH electrolytes (0.1 and 1 M) were tested due to their 

relevance in alkaline water electrolysis,28 while 1 M K2CO3 was used to emulate pH 

measurements relevant to CO2 reduction in alkaline media.29 Interfacial pH values at a 
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nominal distance of 10 µm from the electrode surface were calculated using the 

calibration curve in Figure S3, with results summarized in Table S7. SNR values were 

calculated as previously defined and are reported in Table S8.  

 

Table S7.  In-line CFRS measurement properties under different alkaline electrolytes. 

Electrolyte  
(+ 0.5 PMP) 

j 
(mA·cm2) 

Intensity  
 @ 936 cm-1 

Intensity   
@ 990 cm-1 Peak ratio pH 

0.1 M KOH 200 39.50 21.50 1.84 ± 0.06 12.71 ± 0.05 
0.1 M KOH −200 32.50 14.00 *2.32 ± 0.07 *13.13 ± 0.06 

1 M KOH 200 31.20 11.00 *2.84 ± 0.09 *13.58 ± 0.08  
1 M KOH −200 28.80 9.50 *3.03 ± 0.10  *13.75 ± 0.09 

1 M K2CO3 200 21.30 32.40 0.66 ± 0.06 11.68 ± 0.05  
1 M K2CO3 −200 21.80 19.00 1.15 ± 0.05  12.11 ± 0.04  

The uncertainty indicates the standard deviation derived from three replicate measurements. 
*The intensities @ 990 cm-1 are at the same level as the noise; thus, the pH is not reliable.  

 
 

Table S8.  Average SNR values from in-line CFRS measurements under different alkaline 
electrolytes. 

Electrolyte  
(+ 0.5 PMP) 

j 
(mA·cm2) 

Intensity  
@ 990 cm-1 

Intensity  
@ 936 cm-1 

Intensity  
@ 700 cm-1 

SNR 
(990/700) 

SNR 
(936/700) 

0.1 M KOH 200 21.50 39.50 11.86 2.80  8.02  
0.1 M KOH −200 14.00 32.50 10.56 *1.06  6.75  

1 M KOH 200 11.00 31.20 9.97 *0.32  6.72  
1 M KOH −200 9.50 28.80 11.20  *-0.51  5.26  

1 M K2CO3 200 32.40 21.30 8.64 8.08  4.30  
1 M K2CO3 −200 19.00 21.80 7.54 4.17  5.19  

Average SNR values derived from three replicate measurements. 
*The SNR falls below the recommended threshold (SNR = 2–3).27  

 
The CFRS method is capable of estimating local pH under OER conditions for 0.1 M 

KOH (bulk pH = 13.23), as the PO4
3-/HPO4

2- peak ratio (i.e., 1.84, Table S7) remains within 

the calibration range (Figure S3). However, the local pH becomes more alkaline under HER 

conditions, diminishing the HPO4
2- peak intensity at 990 cm-1 (i.e., 14.00, Table S7) near 

background noise levels (i.e., 10.56, Table S8). In 1 M KOH (bulk pH = 13.99), only the PO4
3- 

signal is observed, and the HPO4
2- peak is not discernible from the background. These 
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results indicate that the in-line CFRS method is not applicable in highly alkaline 

environments where only one species is detectable. 

The CFRS method relies on the presence of acid and conjugate base forms (i.e., HPO4
2- 

and PO4
3-) to estimate local pH, as their ratio reflects the equilibrium composition at a 

given pH. When only one peak is visible, nearly all species exist in a single form, meaning 

changes in pH no longer produce a measurable shift in speciation. Based on the fractional 

composition of the PO4
3-/HPO4

2- pair (pKa,3 = 12.36),12 approximately 97.5% of the species 

exist as PO4
3- at pH = 13.36 (i.e., one unit above pKa,3). Therefore, the CFRS method using 

0.5 M PMP can detect HPO4
2- only when it constitutes more than ~2.5% of the PMP 

composition. Unless the local pH drops below ~13.3 during the experiment or the PMP 

concentration is increased above 0.5 M to increase the SNR, these small HPO4
2- fractions 

will not be detectable. A detailed exploration of this aspect is beyond the scope of this 

study. However, researchers aiming to apply the CFRS method to other chemistries are 

encouraged to optimize the testing conditions to maximize the SNR.  

In contrast, the carbonate-containing electrolyte (bulk pH = 11.87) exhibits clear PO4
3- 

and HPO4
2- peaks (Figure S19), allowing reliable pH quantification within the 11–13 pH 

range (Table S7) and SNR values above the recommended 2–3 threshold (Table S8).27 A 

distinct peak appears at ~1068 cm-1, which corresponds to the carbonate (CO3
2-) ion.29 It is 

important to note that, at around pH 12, only the CO3
2- peak is detectable because more 

than 98% of carbonate species exist as CO3
2-, consistent with the HCO3

-/ CO3
2- equilibrium 

(pKa = 10.3).12 Previous Raman-based approaches using the HCO3
-/ CO3

2- pair at higher 

concentrations (e.g., 3 M KHCO3) also relied on the presence of both species and are 

therefore only applicable within a narrower pH window (~8 to ~11).29 

Our in-line CFRS method enables pH quantification in carbonate-containing systems 

at more alkaline pH (up to ~13.3) using relatively low PMP concentrations (0.5 M). Although 

increasing PMP concentration could enhance SNR and extend the measurable range, such 

adjustments may also affect other system properties and should be made with caution.  
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Figure S20. Effect of the PMP electrolyte concentration on the observed response during 
in-line CFRS experiments under alkaline conditions (pKa,3 = 12.36): (a) Raman spectra 
recorded at varying PMP electrolyte concentrations, and (b) plot of the 
phosphate/hydrogen phosphate peak ratio as a function of the concentration. The pH 
values in parentheses are estimated using the calibration curve shown in Figure S3. Data 
were collected with the laser beam located nominally 10 µm from the electrode surface. A 
current density of 100 mA·cm-2 was applied in all experiments. Flow rate: 100 mL·min–1. 

 
Supporting note: The PMP electrolyte concentration was optimized to increase the SNR. 

Although 100 and 500 mM PMP yield similar pH values based on peak ratios (Figure S20b), 

the 100 mM PMP electrolyte exhibits lower peak intensities, particularly for the PO4
3- peak, 

which could be misinterpreted as background noise. Table S9 shows that increasing PMP 

concentration from 100 to 500 mM intensifies the signal by approximately 12 times, while 

50 mM PMP does not exhibit significant PO4
3-/HPO4

2- peaks. Table S10 shows that 100 and 

500 mM PMP peaks are above the recommended 2–3 SNR threshold. 

 
Table S9.  CFRS measurement properties under different PMP electrolyte concentrations. 

Concentration 
(mmol·L-1) 

Intensity  
 @ 936 cm-1 

Intensity   
@ 990 cm-1 Peak ratio pH 

50 12.00 17.36 *0.96 ± 0.08 *11.95 ± 0.07 
100 31.91 40.61 0.79 ± 0.11 11.80 ± 0.10 
500 63.50 73.75 0.86 ± 0.07 11.86 ± 0.06 

The uncertainty indicates the standard deviation derived from three replicate measurements. 
*The signal intensities are at the same level as the noise; thus, the pH is not considered reliable.  
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Table S10.  SNR estimation from in-line CFRS measurements at different PMP electrolyte 
concentrations. 

Concentration 
(mmol·L-1) 

Intensity  
@ 990 cm-1 

Intensity  
@ 936 cm-1 

Intensity  
@ 700 cm-1 

SNR (990/700) 
@ 100 mA·cm-2 

SNR (936/700) 
@ 100 mA·cm-2 

50 17.36 12.00 12.46 *1.39 *-0.13 
100 40.61 31.91 15.09 6.57 4.33 
500 73.75 63.50 10.67  19.31 16.17 

*The SNR falls below the recommended threshold (SNR = 2–3).27   
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Figure S21. Effect of the flow rate on the observed response during in-line CFRS 
experiments under alkaline conditions (0.5 M PMP, pKa,3 = 12.36): (a) Raman spectra 
recorded at varying flow rates, and (b) plot of the phosphate/hydrogen phosphate peak 
ratio as a function of the flow rate. The pH values in parentheses are estimated using the 
calibration curve shown in Figure S3. (c) Raman microscope images of the electrode-
electrolyte interface under three flow conditions: laser placement at OCP (no current), 
real-time imaging at 100 mL·min-1, and bubble growth in a stagnant electrolyte. A current 
density of 100 mA·cm-2 was applied in all experiments at varying flow rates.  
 

 
Supporting note: A flowing electrolyte is required to remove gas bubbles that interfere 

with the spectral acquisition and block the electrode surface. Bubble removal during in-

line CFRS can be observed in this video. Table S11 shows that increasing the flow rate 

from 50 to 100 mL·min-1 enhances the signal approximately threefold, while a stagnant 

electrolyte prevents detection due to bubble interference. Even a 25 mL·min-1 flow rate 

cannot produce distinguishable Raman signals. Table S12 shows that peaks for 50 and 

100 mL·min-1 flow rates are above the recommended 2–3 SNR threshold, with the SNR 

nearly doubling at 100 mL·min-1. These results highlight the critical role of electrolyte flow 

in our in-line CFRS method and underscore the need for precise flow control.  

https://youtube.com/shorts/DOzfe7bVFNw
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Table S11. CFRS measurement properties under different electrolyte flow rates. 

Flow rate 
(mL·min-1) 

Intensity   
@ 936 cm-1 

Intensity   
@ 990 cm-1 Peak ratio pH 

0 16.25 13.75 *1.18 ± 0.11 *12.14 ± 0.10 
25 23.56 37.00 *0.58 ± 0.09 *11.62 ± 0.08 
50 52.56 67.00 0.78 ± 0.09 11.79 ± 0.08 

100 63.50 73.75 0.86 ± 0.07 11.86 ± 0.06 
The uncertainty indicates the standard deviation derived from three replicate measurements. 

*The signal intensities are at the same level as the noise; thus, the pH is not considered reliable.  
 

Table S12. SNR estimation from in-line CFRS measurements at different flow rates. 

Flow rate 
(mL·min-1) 

Intensity  
@ 990 cm-1 

Intensity  
@ 936 cm-1 

Intensity  
@ 700 cm-1 

SNR (990/700) 
@ 100 mA·cm-2 

SNR (936/700) 
@ 100 mA·cm-2 

0 13.75 16.25 14.57 *-0.21 *0.44 
25 37.00 23.56 16.80 4.93 *1.16 
50 67.00 52.56 16.78  12.26 8.73 

100 73.75 63.50 10.67  19.31 16.17 
*The SNR falls below the recommended threshold (SNR = 2–3).27   
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Figure S22. Effect of the spectra collection at different intervals during in-line CFRS 
experiments under alkaline conditions (pKa,3 = 12.36): (a) Raman spectra recorded at 
different times during a chronopotentiometry (CP) step at 100 mA·cm-2 and (b) plot of the 
phosphate/hydrogen phosphate peak ratios as a function of the time. (c) Raman spectra 
recorded at different times during a CP step at –100 mA·cm-2 and (d) plot of the 
phosphate/hydrogen phosphate peak ratios as a function of time. CP runs lasted 180 s, 
with each Raman spectrum collected in a single accumulation using a 10-second 
acquisition time (for this particular experiment). The pH values are estimated using the 
calibration curve shown in Figure S3. Data were collected with the laser beam located 
nominally 10 µm from the electrode surface.  

Supporting note: The experiment in Figure S22 was conducted to assess the validity of 

averaging three scans over 180 seconds. From the first spectrum, the pH drops sharply 

and remains virtually unchanged throughout the CP step. This behavior is consistent with 

the rapid pH drop (1–2 seconds) reported by the Surendranath group.30  
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Figure S23. Effect of variable operation during in-line CFRS experiments under alkaline 
conditions (pKa,3 = 12.36): (a) Current densities and (b) corresponding iR-corrected cell 
potential during the alternating current experiment. (c) Raman spectra recorded during 
OER steps at 200 mA·cm-2 and (d) HER steps at –200 mA·cm-2. Galvanostatic steps lasted 
300 seconds, with each Raman spectrum collected in five accumulations using a 60-
second acquisition time (for this particular experiment). The pH values are estimated using 
the calibration curve shown in Figure S3. Data were collected with the laser beam located 
nominally 10 µm from the electrode surface. Flow rate: 100 mL·min–1.  
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Figure S24. Effect of low current densities on local pH estimated from in-line CFRS 
experiments under alkaline conditions (pKa,3 = 12.36): (a) Raman spectra recorded at 
varying current densities, and (b) plot of the phosphate/hydrogen phosphate peak ratio as 
a function of current density. The pH values are estimated using the calibration curve 
shown in Figure S3. Data were collected with the laser beam located nominally 10 µm 
from the electrode surface. Flow rate: 100 mL·min–1. 

 
Supporting note: The applied current density was optimized to identify the threshold at 

which a significant shift in the phosphate/hydrogen phosphate peak ratio occurs. From 

Figure S24b, noticeable peak intensity changes emerge at ±25 mA·cm-2, but only at ±50 

mA·cm-2, the deviation from OCP becomes statistically significant (p < 0.05), particularly 

for the OER. These results confirm that the in-line CFRS method can detect local pH 

fluctuations reliably at currents beyond ±50 mA·cm-2.  

These experiments indicate that the in-line CFRS method is highly responsive to 

operating conditions. Researchers using the method are encouraged to optimize 

experimental parameters (e.g., PMP electrolyte concentration, flow rate) to enhance 

sensitivity at lower currents.   
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Figure S25. Effect of the lateral laser beam position during in-line CFRS experiments under 
alkaline conditions (pKa,3 = 12.36): (a) Raman spectra recorded at varying positions parallel 
to the electrode surface, all nominally 10 µm from the electrode. pH values are estimated 
using the calibration curve in Figure S3. (b) Raman microscope image of the electrode-
electrolyte interface, indicating the lateral positions where spectra were collected. 
Additional experimental conditions: excitation wavelength: 532 nm, current density: 100 
mA·cm-2, flow rate: 100 mL·min–1. 

 

Supporting note: The Raman spectra and corresponding local pH values from the 

calibration curve remain consistent as the laser beam scans parallel to the electrode 

surface. However, this measurement is limited to a region of 100 μm, where the electrode 

surface is relatively flat, and micron-scale roughness might not significantly influence pH 

gradients. This behavior may not hold in other areas, such as near the electrode edge, 

where surface irregularities are more pronounced, or at the flow cell inlet, where 

hydrodynamics likely deviate from those in the center of the flow channel. While our flow 

cell was not designed to examine inlet effects or electrode morphology, future studies 

could explore these aspects in greater detail.  
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