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[bookmark: _Ref196934780]Fig. S1 Bode plot of impedance for the raw data obtained from in-line EIS (circles) and rheo-impedance (triangles)

[bookmark: _Ref220513278]Table S1 Characteristic frequencies depending on slurry composition and flow condition
	Characteristic frequency [Hz]

	Slurry ID.
	In – line EIS
	Off – line EIS
(Rheo-impedance)

	Sat 70
	1794
	1592

	Sat 90
	2795
	2008

	Sat 110
	2618
	2524

	Sat160
	3820
	4000

	Sat 237
	5110
	5036

	Sat 315
	6450
	6340




[bookmark: _Ref220686475]A. Components in ECM
The semi-infinite Warburg impedance term  is used since the flow velocity approaches zero and convection can be neglected near the electrode, and diffusion would be mainly affected by the electrostatic forces. The amplitude of this term is represented by the Warburg coefficient , and the impedance is given by the following expression, where j is the imaginary unit and  is the angular frequency.


Resistance  represents the non-faradaic polarization resistance between the continuous phase and EDL of dispersed particles. Regarding the implementation of the  term, Huang et al. reported that ion diffusion can be limited by convective flow within the inter-particle gap and EDL boundary conditions surrounding particles.49 To reflect such the convection-limited diffusion in the bulk region, the FLW impedance is introduced43 as follows : 

 Here, the Warburg coefficient , which determines the amplitude of , is inversely proportional to the ion concentration  and the diffusion coefficient .38  is the gas constant,  is the temperature,  is the number of electrons involved, and  is the Faraday’s constant.

The diffusion time constant , where is diffusion layer thickness and  is diffusion coefficient.
Also, the dispersed graphite and carbon black are conductive, forming EDL via COO- functional groups on absorbed CMC. Also, previous studies have reported additional capacitance effects induced by binder adsorption, EDL around carbon particles show high intrinsic capacitance.27,31,65 Therefore, the particle-slurry interfacial impedance is represented by an RC element analogous to that used for the electrode-slurry interface, consisting of  in parallel with .
To examine how free CMC affects the adsorption saturation point,  and  across the slurry IDs, we used a rotating disk electrode (RDE) system as reference framework. The RDE provides a theoretical basis for an electrochemical environment in which laminar flow is induced by disk rotation, which is broadly comparable to the present study. Convection flow in the bulk slurry constrains the diffusion layer thickness, which is described by the Levich equation as follows38,48 :

Where is the diffusion coefficient,  is the kinematic viscosity, and  is the angular rotation speed of the disk. From, we define a shear-rate-dependent factor .  and  can be rescaled as:



From these relations, Fig. 6 (e) and (f) presents the relative changes in  and  across compositions, with Sat70 used as the normalization reference. The normalized  and  decrease from Sat110 to Sat160, with the reduction in normalized  being larger than that in . This trend is attributed to the emergence of free CMC beyond the adsorption saturation point, which increases the concentration of anionic groups (COO-) in the continuous phase and enhances electrostatic screening, thereby shortening the effective interaction and transport length scale within the interparticle region.12 This screening effect outweighs the viscosity-driven decrease in . Although electrostatic screening can facilitate particle approach by weakening electrostatic repulsion, re-agglomeration is likely mitigated by the increased viscosity and by steric or electro-steric stabilization arising from CMC-associated interfacial layers, which together suppress particle mobility and collision efficiency.
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[bookmark: _Ref207364255][bookmark: _Hlk222430322]Fig. S2. Fitting results of the customized equivalent circuit model: (a) in-line EIS and (b) off-line EIS
Fig. S2 shows raw data (dot) and fitted results (line) for in-line EIS and off-line EIS. 




Table. S2. Fitting quality of the equivalent circuit models shown in Fig. S2.
	Model fit quality parameters

	

	In-line
	
	
	
	
	Off-line
	
	

	Sat70
	61.0
	0.44
	
	
	Sat70
	4.14
	0.012

	Sat90
	34.0
	0.13
	
	
	Sat90
	4.36
	0.017

	Sat110
	27.6
	0.17
	
	
	Sat110
	5.59
	0.011

	Sat160
	22.6
	0.16
	
	
	Sat160
	13.6
	0.058

	Sat237
	16.2
	0.13
	
	
	Sat237
	14.4
	0.067

	Sat315
	47.7
	0.97
	
	
	Sat315
	8.81
	0.032





 is number of data points
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[bookmark: _Ref196522550]Fig. S3. Plots of all fitted parameters of the equivalent circuit model across six different slurry compositions, shown for in-line EIS (red; left y1-axis) and off-line EIS (blue; right y2-axis)

Fig. S3 shows  and  decrease with Na-CMC increase, indicating enhanced particle-continuous phase charge transfer () and reduced particle EDL resistance () from ionic environment changes. The composition dependence of  and  is subtle, except  peak at Sat160 for in-line EIS, suggesting a formation of stable EDL from CMC adsorption saturation. Comparable  at Sat70 implies CMC adsorption on graphite or carbon black attachment via hydrophobic interactions for surface stablity.33,58 Although the amplitude of  is the nF scale, its removal results in significant fitting errors in the MHz region, confirming its essentiality.
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[bookmark: _Ref196522610]Fig. S4. Normalized plots of the equivalent circuit model parameters, scaled relative to the Sat70 slurry, for each slurry composition, shown for in-line EIS (red) and off-line EIS (blue)
Parameters of the FLW impedance , reflect continuous-phase ion diffusion.  decreases with the CMC increase, as , due to increase in ionic concentration from Na-CMC addition. Similar decreases in  and  (Fig. S3) indicate reduced resistance from elevated ions in continuous phase and EDL. A comparable trend is also observed in the normalized results in Fig. S4, where all values are normalized to Sat70.  remains low and nearly constant from Sat70 to Sat110, but increases sharply from Sat160 on a logarithmic scale, when free CMC becomes abundant and the viscosity rises markedly. Beyond the adsorption saturation point, the pronounced increase in  is attributed to the influence of free CMC on both  and  in .
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Fig. S5. USANS scattering profiles for slurries prepared with different solvents
The USANS instrument employed a Bonse-Hart-Agamalian configuration with Si (110) single crystals as monochromator and analyzer, using cold neutrons (wavelength λ=4 Å, divergence ∆λ/λ ~ 11%). Neutrons diffracted by the monochromator were transmitted through or scattered by the sample cell. The Trock/Twide ratio was calculated under different solvent conditions. When using DI water, Sat70 showed Twide = 1.11 and Trock = 1.32 x 10-2, and Sat237 showed Twide = 1.17 and Trock = 1.28 x 10-2. When the solvent was adjusted to 71.7 wt% D2O, the values were as follows: for Sat70, Twide = 1.11 and Trock = 5.13 x 10-2; for Sat110, Twide = 1.06 and Trock = 5.18 x 10-2; and for Sat237, Twide = 1.11 and Trock = 5.34 x 10-2. 
Scattering length density (SLD) contrast between H2O solvent and carbon particles caused plateaus in the low-Q region. Therefore, to reduce the SLD contrast between the particle and solvent When the solvent was finally adjusted to 99.9 wt% D2O, the values were as follows: for Sat70, Twide = 1.37 and Trock = 0.61; for Sat110, Twide = 0.97 and Trock = 0.36; and for Sat237, Twide = 1.38 and Trock = 0.57. As the D2O content increased, the multiple-scattering effect, which is characterized by a flattened region in the low Q-range was gradually reduced and reached its minimum when 99.9% D2O was used.
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