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Supplementary Figure 1. In situ UV-Vis three-electrode cell used in this study. 

 

 

Supplementary Figure 2. Physical characterization of Ti3C2Tx,
1,2 lithium titanate 

(LTO),3 and Prussian blue (PB)4 thin films. a, b, c, XRD patterns and d, e, f, Raman 

spectra. g, h, i, Optical images of the corresponding films. The scale bar is 50 µm. The 

plane roughness values of the corresponding films are 32±5 nm, 389±21 nm, and 25±3 

nm, respectively.  
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Supplementary Figure 3. Determination of b value (slope) for logarithm of anodic 

peak current (ip) versus the logarithm of the scan rate (v) of these three systems. 

For Ti3C2Tx in 1 M Li2SO4 (blue spheres, v = 5, 10, 20, 50, 100 mV/s), b = 0.916, R2 = 

0.999. For Ti3C2Tx in 1 M H2SO4 (black squares, v = 5, 10, 20, 50, 100 mV/s), b = 0.921, 

R2 = 0.999. For LTO in 1 M LiClO4/acetonitrile (ACN) (purple triangles, v = 0.5, 1, 2, 

5, 10 mV/s), b = 0.499, R2 = 0.941. 

 

Supplementary Figure 4. In situ UV-Vis absorption spectra in the anodic cycle. a, 

Ti3C2Tx in 1 M Li2SO4, b, Ti3C2Tx in 1 M H2SO4, and c, LTO in 1 M LiClO4/acetonitrile 

(ACN) in anodic cycle. 
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Supplementary Figure 5. In situ UV-Vis absorption spectra of Ti3C2Tx of different 

thicknesses in 1 M H2SO4. a, b, 109 nm, c, d, 70 nm, e, f, 49 nm. a, c, e Cathodic 

cycles and b, d, f Anodic cycles. 

 

Supplementary Figure 6. Thickness-dependent in situ UV-Vis data from Ti3C2Tx 

in 1 M H2SO4. a, Typical cyclic voltammograms (CVs) of Ti3C2Tx in 1 M H2SO4 with 

different thickness (108 nm, 70 nm, 49 nm). b, Absorbance derivative (obtained with 

MUSCA method) versus potential of Ti3C2Tx with different thickness. c, Plot of the 

largest absorbance derivative values versus thickness. 

Supplementary Note 1 

To evaluate the impact of electrode coating thickness first, we compared the derivatives 

of Ti3C2Tx electrodes with three different thicknesses in 1 M H2SO4. All the samples 
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with the thickness of 49 nm, 70 nm and 109 nm show the same trend in the peak shift 

from ~780 nm to ~620 nm. However, the absorbance change of the plasmonic peak is 

thickness dependent as shown in Supplementary Figure 6b. The maximum value of the 

absorbance derivative increases almost linearly with the electrode thickness 

(Supplementary Figure 6c). Hence, the effect of electrode thickness was subtracted to 

normalize the derivative value in different systems. 

 

 

Supplementary Figure 7. The distinction of charge storage mechanisms with the 

slope of relative absorbance change and normalized derivative. a, Relative 

absorbance change in the UV-Vis absorption spectra at the signature wavelength for 

lithium titanate (LTO) in 1 M LiClO4/acetonitrile (ACN), Ti3C2Tx in 1 M H2SO4, 

Ti3C2Tx in 1 M Li2SO4, Ti3C2Tx in 19.8 m LiCl and Prussian Blue (PB) in 1 M KCl. b, 

Distinguishing electrical double-layer, pseudocapacitive, and battery-type charge 

storage mechanisms by comparing derivative ratios for Ti3C2Tx in 1 M Li2SO4 (Li2SO4), 

Ti3C2Tx in 19.8 m LiCl (LiCl and LiCl peak, which means the derivative at CV peaks), 

Ti3C2Tx in 1 M H2SO4 (H2SO4), LTO in 1 M LiClO4/ACN (LTO), PB in 1 M KCl (PB). 

Supplementary Note 2  

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 =  
𝐴𝑛𝑒𝑔−𝐴𝑥

𝑙
              (1) 

where 𝐴𝑥  represents UV-Vis absorbance of signature wavelength at x V, 𝐴𝑛𝑒𝑔 

represents UV-Vis absorbance of signature wavelength at the most negative potential, 

and l represents film thickness. 

The plots show relative absorbance change at the signature wavelength. The 

Ti3C2Tx films in 1 M Li2SO4 and Ti3C2Tx in 19.8 m LiCl systems show gradual 

decreases of the UV-Vis absorbance with increasing potential, which indicates that the 

double layer capacitance contributes little to the change of Ti oxidation state. LTO films 

in 1 M LiClO4/ACN and PB in 1 M KCl have abrupt decreases of the UV-Vis 

absorbance with increased potential at the peak position of CVs, which indicates the 

Faradaic process contributes to the oxidation state change of the battery materials and 

results in a steep slope. The Ti3C2Tx in 1 M H2SO4 system shows median slope within 

the range of the surface redox peaks (between -0.4 V and -0.8 V). 
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The derivatives ratio in Supplementary Figure 7b is calculated using the following 

equation, where the data were collected with the MUSCA method: 

𝐷𝑒𝑟𝑖𝑣𝑎𝑡𝑖𝑣𝑒𝑠 𝑟𝑎𝑡𝑖𝑜 =  𝐷𝑡𝑜𝑡𝑎𝑙
̅̅ ̅̅ ̅̅ ̅̅ /𝐷𝐸𝐷𝐿                 (2) 

where 𝐷𝑡𝑜𝑡𝑎𝑙
̅̅ ̅̅ ̅̅ ̅̅  stands for the total average normalized derivative of the selected peak 

region (i.e., 0.3 to 0.4 V for Ti3C2Tx in 19.8 m LiCl and -0.8 to -0.4 V for Ti3C2Tx in  

1 M H2SO4) and DEDL represents the normalized derivative at the EDL region. 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑑𝑒𝑟𝑖𝑣𝑎𝑡𝑖𝑣𝑒𝑥 =  
𝐴𝑥−𝐴𝑥−∆𝐸

∆𝐸∙𝑙
                  (3) 

Where Ax is the signature absorbance at x V, ΔE is the potential difference between each 

step (0.05 V in this case), and ν is the scan rate. 

Supplementary Note 3  

The charges in Figures 3a, 3b, and 3c were calculated from the MUSCA profiles in 

Supplementary Figure 13 and expressed as: 

𝑄𝑚 =  ∑ ∫ 𝑖𝑥𝑑𝑡
150

0
𝑥=𝑚
𝐸𝑝𝑜𝑠

                         (4) 

𝑄𝑚 represents charge at m V. Epos represents the most positive potential (0 V for Ti3C2Tx 

in 1 M H2SO4 and Li2SO4, -1.2 V for LTO in 1 M LiClO4/ACN). Ix represents the current 

at x V during MUSCA measurement. 150 represents 150 s step time at each potential 

during MUSCA measurement. From in situ UV-Vis spectra, we know the absorbance 

intensities at m V and after calculating the charge at m V we plot them as shown in 

Supplementary Figure 9 and Figures 3a 3b, and 3c. k is the slope of these plots 

determined by linear fitting, and a larger k value indicates the redox reactions as 

discussed in manuscript. 

 
Supplementary Figure 8. Normalized derivative and electrochemical cyclic 

voltammograms with MUSCA method (1 mV/s). a, Ti3C2Tx in 1 M Li2SO4, b, 

Ti3C2Tx in 1 M H2SO4, c, Lithium titanate (LTO) in 1 M LiClO4/acetonitrile (ACN). 

Supplementary Note 4 

The method of calculating the absorbance derivative is based on the combination of 

Faraday’s law and Beer’s law. We can assign the total amount of electrode material 

as 𝜏0 and the extinction coefficients of a material in oxidized and reduced states as 

𝜀𝑜𝑥  and 𝜀𝑟𝑒. During the anodic cycle, a certain amount of material is oxidized, which 

can be described by Faraday’s law of electrolysis:  
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𝑄 = 𝑛𝐹𝜏𝑜𝑥                             (5) 

where Q is the charge consumed in the electrochemical reaction, F is the Faraday 

constant, n is the number of electrons participating in the electrochemical reaction, and 

𝜏𝑜𝑥 is the molar amount of the oxidized material. The absorbance, according to Beer’s, 

law is: 

𝐴 = 𝑙(𝜀𝑜𝑥 ×
𝜏𝑜𝑥

𝜏0 + 𝜀𝑟𝑒 ×
𝜏0−𝜏𝑜𝑥

𝜏0 ) = 𝑙 ((𝜀𝑜𝑥 − 𝜀𝑟𝑒)
𝜏𝑜𝑥

𝜏0 + 𝜀𝑟𝑒)      (6)  

where l is the thickness of the electrode material. The variation of absorbance, ∆𝐴, 

accompanied by the potential change is: 

∆𝐴 = 𝑙(𝜀𝑜𝑥 − 𝜀𝑟𝑒) ×
∆𝜏𝑜𝑥

𝜏0 = 𝑙(𝜀𝑜𝑥 − 𝜀𝑟𝑒) ×
∆𝑄

𝜏0𝑛𝐹
            (7) 

where ∆𝜏𝑜𝑥 is the change of oxidation states and ∆𝑄 is the change of stored charge. 

Similarly, the incremental change of absorbance with respective to time, ∆𝑡, can be:   

∆𝐴
∆𝑡⁄ ∝

∆𝑄
∆𝑡⁄ = 𝐼                        (8) 

where I is current passed through the system during ∆𝑡. The derivation shows that the 

absorbance is directly related to the charge and the variation of absorbance is 

proportional to the current. This agrees with a previous study.5 This derivation provides 

a theoretical foundation for the UV-Vis CVs and explains why they agree well with the 

electrochemical experimental data.  

The MUSCA method derived normalized derivative plots in Supplementary Figure 

8 show a good correlation between normalized derivative at x V, Dx, and 

electrochemical CVs:  

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑑𝑒𝑟𝑖𝑣𝑎𝑡𝑖𝑣𝑒𝑥 =  
𝐴𝑥−𝐴𝑥−∆𝐸

∆𝐸∙𝑙
=

𝐴𝑥−𝐴𝑥−∆𝐸

∆𝑡∙𝜈∙𝑙
∝ 𝑖             (9) 

where ΔE is the potential difference between each step (0.05 V in this case) and ν is 

scan rate. Because scan rate in a cyclic voltammetry experiment is constant, the 

normalized derivative is proportional to current.  

Supplementary Note 5 

 For the LTO electrode in 1 M LiClO4/ACN, there are three typical processes in the 

cathodic cycle in Figure 3c and Supplementary Figure 9. However, it is difficult to 

distinguish three stages in the anodic cycle; the reason comes from the low Coulombic 

efficiency of this battery-type device (as seen in Figure 2c), where the current is still 

negative when the potential begins increasing from -1.7 V. Despite this, k4c2, which 

represents the potential range where redox reaction happens, is still larger than k4c1 and 

k4c3, which represent non-Faradaic ion insertion and parasitic reactions, respectively. 

Similar results were also obtained using cyclic voltammetry (CV) method. 

Supplementary Figure 9 shows a good linearity between the charge and the relative 

absorbance change, which demonstrates that one can perform further derivative 

analysis, as discussed in the “Coupling between charge transfer and UV-Vis spectral 

changes” section of the main manuscript. 
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Supplementary Figure 9. Absorbance change versus charge and linear data fitting 

for lithium titanate (LTO) in 1 M LiClO4/ acetonitrile (ACN) with the CV method. 

The blue shade means the anodic cycle. kc is the cathodic slope and ka is the anodic 

slope, respectively. The linear fitting results are shown in Supplementary Table 1.  

 

 

Supplementary Figure 10. In situ UV-Vis characterization of Prussian Blue (PB) 

in 1 M KCl. a, b, in situ absorption spectra of Prussian blue in 1 M KCl from 300 nm 

to 1000 nm in cathodic and anodic cycles, respectively. c, Reconstructed 

voltammograms obtained from MUSCA data. d, Normalized derivative at 700 nm and 

reconstructed voltammograms at 1 mV/s from the MUSCA method. e, Normalized 

derivative at 700 nm and cyclic voltammograms at 10 mV/s from the CV method. f, 

Determination of b value (slope) from the logarithm of anodic peak current (ip) versus 

the logarithm of the scan rate (v) from c. b = 0.719, R2 = 0.966. 
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Supplementary Note 6 

 

Supplementary Figure 11. Determining the extinction coefficients of Ti3C2Tx in the 

oxidized state (0 V) and the reduced state (-0.8 V) in 1 M H2SO4. a, b, in situ UV-

Vis absorption spectra of the Ti3C2Tx films having three different thicknesses at 0 V and 

-0.8 V. c, Plot of the absorbance at the peak position versus thickness at 0 V and -0.8 V. 

 

As shown in Supplementary Figure 11, using films with different thicknesses 

cycled in 1 M H2SO4, one can calculate the extinction coefficients of Ti3C2Tx in the 

oxidized state (εox at 0 V) and the reduced state (εre at -0.8 V) for this specific system: 

                    𝜀 =  
𝐴

𝑙
                            (10) 

From the slopes of Supplementary Figure 11, we get εox = 0.01447 1/nm and εre = 

0.00987 1/nm. For Ti3C2Tx in 1 M H2SO4, if we take the absorbance change and charge 

(MUSCA method) during the cathodic cycle, then substitute these values to equation 

(5): 

−0.17474 = 70 𝑛𝑚 × (0.01447 − 0.00987)(1/𝑛𝑚) ×
−0.2714 𝑚𝐴 ×  50 𝑠

96485 
𝐶

𝑚𝑜𝑙

×
1

𝑛

× 
1

0.120 𝑚𝑔

204.65
𝑔

𝑚𝑜𝑙
⁄

                       

The mass of the electrode materials was 0.120 mg. The molar mass of Ti3C2Tx 

(204.65 g/mol) assumes the Ti3C2O0.300OH0.614F1.016Cl0.070 composition, which was 

determined in our recent secondary-ion mass spectroscopy study.6 Then the electron 

transfer number obtained from UV-Vis is 𝑛 = 0.442 per Ti3C2Tx (0.147 electrons per 

Ti atom), close to the 0.134 electrons per Ti atom obtained from in situ XAS.7 
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Supplementary Figure 12. In situ UV-Vis characterization of Ti3C2Tx in 19.8 m 

LiCl. a, b, in situ absorption spectra of Ti3C2Tx in 19.8 m LiCl from 300 nm to 1000 

nm in cathodic and anodic cycles, respectively. c, Reconstructed voltammograms 

obtained from MUSCA data. d, Normalized derivative of plasmonic peak and 

reconstructed voltammograms at 1 mV/s from the MUSCA method. e, Normalized 

derivative at 450 nm and cyclic voltammograms at 10 mV/s from the CV method. f, 

Determination of b value (slope) for logarithm of anodic peak current (ip) versus the 

logarithm of the scan rate (v) from c. b = 0.645, R2 = 0.998. 

 

Supplementary Note 7 

 

Supplementary Figure 13. Relationship between charge and derivative within the 
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same potential window. a, Charge in the redox-peak (-0.60 V to -0.65 V) and double-

layer (-0.2 V to -0.15 V) potentials windows for Ti3C2Tx in 1 M H2SO4. The CV is the 

same data as in Supplementary Figure 8b. b, Charge in the peaks (0.25 V to 0.3 V) and 

double-layer (-0.1 V to -0.05 V) potential windows of Ti3C2Tx in 19.8 m LiCl. The CV 

is the same as in Supplementary Fig. 11d. c, Charge in the double-layer potential 

window (0.4 V to 0.45 V) of Ti3C2Tx in 1 M Li2SO4. The CV is the same as in 

Supplementary Fig. 8a. d, Normalized derivative as a function of normalized charge 

change. 

 

The normalized charge change, ΔQx, are calculated as below: 

                                                                         ∆𝑄𝑥 =
𝑖𝑥×2.5 𝑠

𝑙
                 (11) 

The ∆Q1, ∆Q4, are calculated at -0.6 V and -0.15 V for Ti3C2Tx in 1 M H2SO4. ∆Q2, 
∆Q5 are at 0 V and 0.35 V for Ti3C2Tx in 19.8 m LiCl. ∆Q3 is at 0 V for Ti3C2Tx in 1 M 

Li2SO4. In the cases of rectangular CV curves in Supplementary Figures 13a and 13b 

recorded in H2SO4 and LiCl electrolytes (∆Q4 and ∆Q5), the ion insertion results in the 

EDL formation. The normalized derivatives are also small, and they change at an almost 

constant rate in these regions. For Ti3C2Tx in 1 M H2SO4, the normalized derivatives 

(as shown in Supplementary Figure 8b) increase much more dramatically at the peak 

region (like ∆Q1 region) than the current at the onset potential of the surface redox 

reaction, which demonstrated that surface redox reaction leads to a relatively enormous 

change in the UV-Vis spectra. In comparison, for Ti3C2Tx in 19.8 m LiCl, the 

normalized derivatives are nearly at an identical extent at the EDL region (∆Q5) and the 

peak region (∆Q2). 

For electrochemical systems especially pseudocapacitive systems, the total current, 

itotal, can be separated into two parts generally: 

𝑖𝑡𝑜𝑡𝑎𝑙 = 𝑖𝐸𝐷𝐿 + 𝑖𝑟𝑒𝑑𝑜𝑥                      (12) 

where iEDL represents the EDL contributed current and iredox represents the redox 

contributed current.  

Based on the relationship between i and ∆𝐴  in equation (7), equation (10) can be 

converted to: 

∆𝐴𝑡𝑜𝑡𝑎𝑙 = ∆𝐴𝐸𝐷𝐿 + ∆𝐴𝑟𝑒𝑑𝑜𝑥                             (13) 

where ΔAtotal represents the total normalized derivative at a certain potential, ΔAEDL and 

ΔAredox represent the EDL contributed and redox contributed normalized derivative, 

respectively. 

Following equation (7), the normalized derivative can also be calculated as: 

𝐷𝑡𝑜𝑡𝑎𝑙 = 𝐷𝐸𝐷𝐿 + 𝐷𝑟𝑒𝑑𝑜𝑥                       (14) 

where Dtotal represents the total normalized derivative at a certain potential, DEDL and 

Dredox represent the EDL contributed and redox contributed normalized derivative.  

Assuming the absorbance change contributed by EDL remains the same within the 

electrochemical window if the surface doesn’t change significantly, we drew the red 

regions in Figure 5 for electrochemical and UV-Vis CVs in the manuscript. The 

challenge is to determine the charge storage mechanisms in the peak regions marked as 

the shaded areas in Figure 5. Herein, we determined the average normalized derivative 
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(ΔD) at the anodic peak potential for distinguishing EDL and redox mechanisms: 

                             ∆𝐷 = 𝐷𝑡𝑜𝑡𝑎𝑙
̅̅ ̅̅ ̅̅ ̅̅ − 𝐷𝐸𝐷𝐿        (15) 

where 𝐷𝑡𝑜𝑡𝑎𝑙
̅̅ ̅̅ ̅̅ ̅̅  stands for the total average normalized derivative of the selected peak 

region (i.e., 0.3 to 0.4 V for Ti3C2Tx in 19.8 m LiCl and -0.8 to -0.4 V for Ti3C2Tx in  

1 M H2SO4). 

 

 
Supplementary Figure 14. Multiple potential step chronoamperometry (MUSCA) 

profiles. The black lines represent the potential vs. time and red lines represent the 

current vs. time. a, Ti3C2Tx in 1 M Li2SO4, b, Ti3C2Tx in 1 M H2SO4, c, lithium titanate 

(LTO) in 1 M LiClO4/ acetonitrile (ACN), d, Prussian blue (PB) in 1 M KCl and e, 

Ti3C2Tx in 19.8 m LiCl. 
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Supplementary Table 1. The slope and R value of linear fitting of normalized 

absorbance change versus charge of Ti3C2Tx in 1 M Li2SO4, Ti3C2Tx in 1 M H2SO4 

and LTO in 1 M LiClO4/acetonitrile (ACN). The unit of slope is 1/(mC∙µm) 

Ti3C2Tx in 1 M Li2SO4 

Cathodic Anodic 

 Slope R2  Slope  R2 

k1c 0.0037 0.978 k1a -0.0040 0.965 

Ti3C2Tx in 1 M H2SO4 

Cathodic Anodic 

 Slope  R2  Slope  R2 

k2c1 0.0091 0.941 k2a1 -0.0098 0.966 

k2c2 0.1731 0.929 k2a2 -0.2264 0.978 

LTO in 1 M LiClO4/CAN (MUSCA method) 

Cathodic Anodic 

 Slope  R2  Slope R2 

k3c1 -0.0012 0.957 k3a -0.1121 0.997 

k3c2 0.0045 0.984 / / / 

k3c3 0.0006 0.732 / / / 

LTO in 1 M LiClO4/ACN (CV method) 

Cathodic Anodic 

 Slope  R2  Slope R2 

k4c1 0.0012 0.918 k4a1 -0.0007 0.446 

k4c2 0.0038 0.995 k4a2 -0.0079 0.997 

k4c3 0.0012 0.983 / / / 
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