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In situ monitoring redox processes in energy 
storage using UV–Vis spectroscopy

Danzhen Zhang    1,3, Ruocun (John) Wang    1,3, Xuehang Wang    1,2    
& Yury Gogotsi    1 

Understanding energy storage mechanisms in electrochemical energy 
storage devices lays the foundations for improving their energy and power 
density. Here we introduce in situ ultraviolet–visible (UV–Vis) spectroscopy 
method to distinguish battery-type, pseudocapacitive and electrical 
double-layer charge storage processes. On the basis of Ti3C2Tx MXene in 
aqueous acidic and neutral electrolytes, and lithium titanium oxide in 
an organic electrolyte, we found a correlation between the evolution of 
UV–Vis spectra and the charge storage mechanism. The electron transfer 
number for Ti3C2Tx in an acidic electrolyte was calculated using quantitative 
analysis, which was close to previous measurements using X-ray absorption 
spectroscopy. Further, we tested the methodology to distinguish the 
non-Faradaic process in Ti3C2Tx MXene in a water-in-salt electrolyte, despite 
well-defined peaks in cyclic voltammograms. In situ UV–Vis spectroscopy 
is a fast and cost-effective technique that effectively supplements 
electrochemical characterization to track changes in oxidation state and 
materials chemistry and determine the charge storage mechanism.

To satisfy the diverse requirements of power and energy density, it is 
critical to develop electrochemical energy storage technologies that 
use various charge storage mechanisms1,2. While recent advances blur 
the boundaries between those charge storage processes, they can be 
broadly classified into three major kinds: battery-type redox, pseudo-
capacitive and electrical double-layer (EDL) storage3–5. Battery-type 
charge storage is typically either diffusion- or nucleation-controlled 
Faradaic process, which is accompanied by electron transfer and phase 
transformations6. Electrical double-layer capacitors (EDLCs) store 
energy by non-Faradaic electrosorption of ions onto the surface of 
electrode materials, which leads to rapid charging and high power7. 
Pseudocapacitive charge storage features surface-controlled charge 
storage with higher energy density than EDLCs and greater power den-
sity than batteries.

An important question associated with these three mechanisms is: 
‘how can researchers effectively distinguish the charge storage mecha-
nisms for a particular electrode–electrolyte system?’ One popular 
method is cyclic voltammetry (CV). EDLCs feature almost rectangular 

CV curves. Well-defined redox peaks with peak separations are shown in 
battery materials. Pseudocapacitive materials exhibit voltammogram 
features where cathodic and anodic branches ‘mirror’ each other at 
slow rates (<20 mV separation of reduction and oxidation peaks) due to 
fast surface-controlled redox reactions or no peaks at all (for example, 
MnO2) (refs. 8,9). However, there are exceptions. For example, Ti3C2Tx 
in 19.8 m LiCl water-in-salt electrolyte has well-defined peaks in the CV 
curves, but the actual mechanism is non-Faradaic solvated cation inser-
tion10. Many efforts recently focused on novel materials and systems 
using intermediate or mixed charge storage mechanisms, which also 
depend on the potential window11. Thus, determining charge storage 
mechanisms by CV measurement is difficult in these systems.

Due to the variety and complexity of compositional/structural 
changes in electrode materials during charge storage, advanced in situ 
or ex situ characterization techniques, such as electron energy loss 
spectrometry (EELS) in the transmission electron microscope (TEM), 
neutron and X-ray scattering, optical microscopy and vibrational spec-
troscopy, are used to understand the charge storage mechanisms12. 

Received: 27 August 2022

Accepted: 7 March 2023

Published online: xx xx xxxx

 Check for updates

1A. J. Drexel Nanomaterials Institute, and Department of Materials Science and Engineering, Drexel University, Philadelphia, PA, USA. 2Storage of 
Electrochemical Energy (SEE), Department of Radiation Science and Technology, Delft University of Technology, Delft, The Netherlands. 3These authors 
contributed equally: Danzhen Zhang, Ruocun (John) Wang.  e-mail: x.wang-22@tudelft.nl; gogotsi@drexel.edu

http://www.nature.com/natureenergy
https://doi.org/10.1038/s41560-023-01240-9
http://orcid.org/0000-0002-0005-2674
http://orcid.org/0000-0001-8095-5285
http://orcid.org/0000-0002-8984-6162
http://orcid.org/0000-0001-9423-4032
http://crossmark.crossref.org/dialog/?doi=10.1038/s41560-023-01240-9&domain=pdf
mailto:x.wang-22@tudelft.nl
mailto:gogotsi@drexel.edu


Nature Energy

Article https://doi.org/10.1038/s41560-023-01240-9

from the instrument, contain statistical information from a large area 
and do not require modifications of the instrument. It is a widespread 
technique for studying the electrochromic behaviour of materials. 
In situ differential UV–Vis transmission spectra showed different col-
ouration efficiencies for different redox couples in monoclinic WO3 (ref. 
36). Milliron et al. distinguished the electrochromic switching kinetics, 
including capacitive charging, surface redox and ion insertion in metal 
oxide nanocrystals by comparing spectroelectrochemical features37. 
However, certain effects like optical response activated by localized 
surface plasmon resonance are specific to nanocrystals. In energy stor-
age, Balland et al. used spectroelectrochemical analysis to study charge 
storage mechanisms in MnO2 and anatase TiO2 and brought unique 
insights on the electrodeposition/dissolution of manganese species 
and the role of proton in the presence of other cations in aqueous 
electrolytes25,38,39. There are also studies on using UV–Vis spectroscopy 
to quantify the polysulfide absorption during charging/discharging 
processes and using UV–Vis spectroelectrochemistry for elucidat-
ing the peculiarities of the mechanisms in switching process during 
electrochemical or chemical processes24,40. Valurouthu et al. observed 
surface-redox-caused electrochromic effects in titanium-based 
MXenes41. These studies demonstrate in situ UV–Vis spectroscopy as 
a powerful tool for studying charge storage mechanisms. However, 
the existing studies mainly focused on using UV–Vis spectroscopy to 
investigate specific charge storage mechanisms (which, where and 
how ions are stored). Herein, we extend this technique as a generic 
method for distinguishing intercalation-based battery-type, surface 
redox and EDL processes and providing quantitative insights into the 
charge storage mechanisms.

In this article, we introduce in situ UV–Vis spectroscopy (Fig. 1,  
details in Supplementary Fig. 1 and Methods) for monitoring redox 
activities in electrochemical systems. Compared with conventional  
methods for studying oxidation state changes of materials, UV–Vis spec-
troscopy is affordable, accessible, high-speed and non-destructive11. 
The cost of UV–Vis spectrometers is an order of magnitude lower than 
Raman spectrometers and about two orders of magnitude lower than 
TEMs. We investigated five electrochemical systems and used multi-
ple potential step chronoamperometry (MUSCA) and CV methods in 
combination with in situ UV–Vis spectroscopy for determining energy 
storage mechanisms. MUSCA method minimizes ohmic polarization 
and allows us to measure wide-range UV–Vis spectra at individual fixed 
potential steps, providing more spectroscopic information on the 
evolution of the electronic structure of materials42. The CV method 
offers operando tracking of absorbance change at a fixed wavelength, 
giving more precise kinetic information. Electrochemical charge stor-
age mechanisms were distinguished and interpreted with quantitative 
analyses of the UV–Vis spectra.

In particular, scanning transmission electron microscopy/EELS with 
unparalleled spatial resolution were used to characterize the structural 
reconstruction at the surface of cathode materials in lithium-ion batter-
ies13. X-ray-based in situ/operando techniques such as X-ray absorption 
spectroscopy (XAS), X-ray diffraction (XRD), and X-ray photoelectron 
spectroscopy have been used to quantitatively monitor changes in 
oxidation state, lattice parameters, and crystal and electronic structure 
of electrode materials10,14–17. In situ/operando vibrational spectroscopy, 
such as Raman and infra-red spectroscopy, were also used to provide 
information about the charge storage mechanism and intercalation 
of ions18,19. For example, in situ XAS, Raman and XRD were used to 
determine the charge storage mechanism of Ti3C2Tx MXene in H2SO4 
electrolyte, showing a change in the oxidation state of Ti caused by the 
charge transfer from H+ to =O terminations, forming –OH (refs. 17,20). 
However, all the above techniques have limitations, including instru-
ment cost and accessibility. TEM/EELS suffers from limited choices of 
materials due to high-vacuum environments and radiation damage 
from the electron beam21. XAS typically requires access to synchrotron 
facilities, thus being costly and time intensive22. The reflection and 
absorption of X-rays by the substrate and cell materials may affect the 
acquired XRD and XAS data quality23. Raman spectroscopy is a versatile 
optical characterization tool that gives information about chemical 
changes during cycling, but not all materials have distinct Raman peaks, 
and quantifying the data is challenging11.

Among other techniques, optical microscopy and ultravio-
let–visible (UV–Vis) spectroscopy have been combined with in situ 
electrochemical techniques, namely electro-optical imaging and spec-
troelectrochemistry, and have contributed to the elucidation of elec-
trochromic properties and charge storage mechanisms24–29. Dark-field 
microscopy has been used to monitor the growth and under-potential 
deposition of nanoparticles. The time derivative of optical signals, 
such as scattered light intensity change and wavelength shift, could 
be reconstructed into optical ‘CVs’ or opto-voltammogram, which 
resembled the electrochemical CVs30,31. Other optical microscopy 
techniques, such as optical interferometric scattering microscopy26, 
fluorescence-enabled electrochemical microscopy32 and surface plas-
mon resonance microscopy33, also enabled mechanistic studies of 
battery and electrocatalytic materials. When it comes to the studies 
of pseudocapacitive materials, analysis of optical density was used 
to distinguish diffusion-limited and pseudocapacitive behaviours 
in hexagonal WO3 and Prussian Blue (PB) nanoparticles34,35. While 
electro-optical imaging is powerful in deciphering the nanoscale 
electrochemical behaviour of materials, it may require advanced 
computer-assisted analysis, a long time to collect enough statistics, 
and instrumental modifications that are possible only in specialized 
labs. In contrast, in situ electrochemical UV–Vis spectra come directly 
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Fig. 1 | The setup for in situ electrochemical UV–Vis spectroscopy. A simple 
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Electrochemistry of the in situ UV–Vis cells
To demonstrate the wide applicability of in situ UV–Vis spectroscopy, 
we selected three electrode–electrolyte systems to represent the three 
categories of electrochemical energy storage processes, namely Ti3C2Tx 
in 1 M Li2SO4 aqueous electrolyte for EDL capacitance43, Ti3C2Tx in 1 M 
H2SO4 aqueous electrolyte for pseudocapacitance20 and Li4Ti5O12 (LTO) 
in 1 M LiClO4 in acetonitrile (ACN) electrolyte for intercalation-based 
battery-type redox44. Basic physical characterizations of these materials 
are shown in Supplementary Fig. 2.

CV has been considered a practical method to determine the domi-
nating charge storage mechanism of electrodes. We performed CV on 
the aforementioned electrochemical systems in the in situ UV–Vis cells 
shown in Fig. 2a–c. The CV curves of Ti3C2Tx in 1 M Li2SO4 are almost 
rectangular at scan rates from 5 to 100 mV s−1 (Fig. 2a). Meanwhile, 
Ti3C2Tx in 1 M H2SO4 shows a pair of broad peaks at ~−0.5 V versus Ag 
on the anodic and cathodic branches of the CV curves (Fig. 2b). The CV 
curves of Ti3C2Tx MXene in the neutral and acidic aqueous electrolytes 
are consistent with the literature20,43. The Ti3C2Tx in 1 M Li2SO4 system 
is dominated by the EDL formation, whereas protonation leads to 
charge transfer in the Ti3C2Tx in 1 M H2SO4 system. The charge storage 
mechanism of the latter has been validated by in situ X-ray absorption 
previously17. LTO in 1 M LiClO4/ACN shows a typical battery-type CV 
curve with a pair of sharp peaks with large separations (Fig. 2c). The 
sharp peaks in the CV curves correspond to a nucleation-controlled 
Faradaic reaction that involves phase transformation during Li+ (de)
intercalation45.

To distinguish between diffusion and surface-controlled charge 
storage mechanisms, we evaluated the kinetic limitations in the three 
systems with b value analysis by solving the relation between peak 
current and scan rate according to

ip = avb (1)

where v is scan rate, ip is peak current, and a and b are constants. b values 
are determined by calculating the slope of log(ip) and log(v) as shown in 
Supplementary Fig. 3. b values provide important insight into kinetic 
limitations: b = 1 represents surface-controlled processes, and b = 0.5 
indicates diffusion- or nucleation-controlled processes46. Here the  
b values of Ti3C2Tx in 1 M H2SO4 and Ti3C2Tx in 1 M Li2SO4 were determined 
to be 0.921 and 0.916, on the basis of the CV curves at scan rates from 
5 mV s−1 to 100 mV s−1, which indicated the surface-controlled kinetics of 
the processes. Meanwhile, the b value of LTO in 1 M LiClO4/ACN was deter-
mined to be 0.499 (Supplementary Fig. 3), agreeing with the nucleation- 
controlled process. Hence, the b value of all three systems agrees with 
the charge storage mechanism based on the shape of CV curves and 
validates that the in situ UV–Vis cells can provide a proper electrochemi-
cal characterization of the systems.

Distinguishing charge storage mechanisms
To acquire full absorption spectra in the UV–Vis range, the MUSCA 
method (details are provided in Methods) was first used to build a cor-
relation between electrochemical behaviour and in situ UV–Vis spectra. 
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Fig. 2 | Electrochemical CV curves, reconstructed CV curves and in situ 
electrochemical UV–Vis spectra. a–c, CV curves of the in situ UV–Vis cells at 
different scan rates of Ti3C2Tx in 1 M Li2SO4 (from inner to outer: 5, 10, 20, 50 
and 100 mV s−1) (a), Ti3C2Tx in 1 M H2SO4 (from inner to outer: 5, 10, 20, 50 and 
100 mV s−1) (b) and lithium titanate (LTO) in 1 M LiClO4/ACN (from inner to outer: 

0.5, 1, 2, 5 and 10 mV s−1) (c). d–f, Reconstructed CV curves from MUSCA data 
(from inner to outer: 1, 2, 4, 10, 20, 40 and 100 mV s−1) of Ti3C2Tx in 1 M Li2SO4 
(d), Ti3C2Tx in 1 M H2SO4 (e), and LTO in 1 M LiClO4/ACN (f). g–i, In situ UV–Vis 
absorption spectra of Ti3C2Tx in 1 M Li2SO4 (g), Ti3C2Tx in 1 M H2SO4 (h) and LTO in 
1 M LiClO4/ACN (i) in the cathodic cycles.
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MUSCA allows for the reconstruction of CV curves with a potential step 
of 50 mV shown in Fig. 2d–f, which resemble the original electrochemi-
cal CV curves in this case (details of CV curves reconstruction are pro-
vided in Methods). The spectra during the cathodic cycles are shown in 
Fig. 2g–i, and the spectra of the anodic cycle are given in Supplementary 
Fig. 4, showing excellent reversibility. During the CV experiment, a 
change from the original green colour of MXene to blue colour in the 
electrochemically reduced state was observed (middle panel in Fig. 
1). The UV–Vis absorption spectrum of pristine Ti3C2Tx MXene shows 
a transverse surface plasmon resonance peak at ~780 nm (ref. 47). The 
plasmonic peak of the Ti3C2Tx electrode in 1 M Li2SO4 shows a downshift 
from 770 nm to 740 nm when scanning from 0 V to −0.8 V. Meanwhile, 
the UV–Vis spectra of Ti3C2Tx in 1 M H2SO4 have a much larger downshift 
of the plasmonic peak to ~650 nm over the same potential window. The 
more notable shift of the plasmon resonance peak in the acidic aqueous 
electrolyte is attributed to the protonation of surface terminations of 
Ti3C2Tx, a pseudocapacitive process48.

The UV–Vis spectra of pristine LTO show no apparent peaks in the 
visible range49. When the potential drops from −1.2 V to −1.5 V versus 
Ag, the UV–Vis spectra show almost no change. However, a valley in the 
absorption spectrum (Fig. 2i) at 650 nm emerges abruptly at −1.55 V 
versus Ag, corresponding to the peak position in CV curves of the LTO. 
The absorbance of this peak decreases as the potential further drops 
to −1.7 V. The abrupt change corresponds to the phase transformation 
between defective spinel Li4Ti5O12 and rock-salt Li7Ti5O12 structure dur-
ing the lithium-ion (de)intercalation50. The absorbance changes in the 
UV–Vis spectra at the signature wavelengths were only 0.020 for Ti3C2Tx 
in 1 M Li2SO4, 0.175 for Ti3C2Tx in 1 M H2SO4 and around 0.090 but with the 
abrupt change for LTO in 1 M LiClO4/ACN electrolyte. Due to the depend-
ence of absorbance on the electrode thickness, we performed a series of 
analyses of thickness and UV–Vis absorbance derivative, which are shown 
in Supplementary Figs. 5 and 6 and discussed in Supplementary Note 1, 
to subtract the effects of thickness on the absolute absorbance values. 
Thus, the following absorbance values are normalized by thickness.

To quantify the relationship between absorbance and charge 
storage, we plotted in Fig. 3 the relative absorbance change versus the 
charge of these three systems based on the in situ UV–Vis spectra col-
lected with the MUSCA method (details of relative absorbance change 
and charge calculations are provided in Supplementary Notes 2 and 
3, respectively). For Ti3C2Tx, we chose the wavelength corresponding 
to the plasmonic peak, as its absorbance has been found to corre-
late with the Ti oxidation state change48. Since the absorbance of LTO 
does not have a signature wavelength in the UV–Vis range, we used 
650 nm for this analysis as this wavelength corresponds to the most 
substantial absorbance change during the electrochemical cycling. 
Quantification reveals different relations between absorbance change 
and charge stored in the three systems. For Ti3C2Tx in 1 M Li2SO4, the 
absorbance change with charge is almost linear, and there is no differ-
ence between the cathodic and the anodic cycles (Fig. 3a). For Ti3C2Tx 
in 1 M H2SO4, there are two linear slopes corresponding to the EDL 
and pseudocapacitive charging, respectively. k2c1 and k2a1 represent 
two EDL charging processes in a relatively wide potential range, while 
k2a2 and k2c2 represent the pseudocapacitive surface redox reactions. 
For LTO in 1 M LiClO4/ACN, there are three slope stages, particularly 
distinct in the cathodic cycle (Fig. 3c). The different stages of linear 
fitting also demonstrated the consistency between UV–Vis absorb-
ance change and the electrochemical charge process. The apparently 
larger changes of charge and absorbance for k3c2 stage result from the 
redox reaction of LTO, while the other two stages are dominated by 
the EDL charge storage. Due to the phase transformation happening 
in a very narrow potential window, the 50 mV potential steps could not 
adequately present the redox peak, and we introduced the CV method 
(details of the CV method are provided in Methods) to achieve higher 
resolution. Overall, in all three systems, relative absorbance changes 
show a good correlation with charge within different electrochemical 
reaction stages.

The difference between battery-type, surface redox and EDL 
charge storage processes can be distinguished by analysing the slope 
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reconstructed CV curves shown in Fig. 2f. The linear fitting results are presented 
in Supplementary Table 1. d–f, Relative absorbance change versus potential 
dependencies of Ti3C2Tx in 1 M Li2SO4 (d), Ti3C2Tx in 1 M H2SO4 (e) and LTO in 1 M 
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of relative absorbance change versus potential plots and by calculating 
the derivatives ratio. Calculating the relative absorbance change elimi-
nates the effects of thickness and potentials. The change rate can give 
us information on how to distinguish between different charge mecha-
nisms. The relative absorbance change versus potential is plotted in 
Fig. 3d–f. The differences between the three typical electrochemical 
processes are evident in terms of the slope and shape of the curves (Sup-
plementary Fig. 7a). For the EDL-dominated case of Ti3C2Tx in 1 M Li2SO4, 
an almost linear relative absorbance change was obtained from −0.8 V 
to 0 V, with a slope of −1.06 V−1 µm−1 as shown in Fig. 3d. A more nota-
ble relative absorbance change can also be observed in Ti3C2Tx in 1 M 
H2SO4 at the potential of surface redox reaction. The slope at −0.50 V 
is −5.78 V−1 µm−1, which is about five times larger than the EDL system 
(the same material in the neutral electrolyte). The relative absorb-
ance change of the battery system has hysteresis and abrupt changes, 
especially at the potential where the phase transformation occurs. The 
calculated slope of the LTO in 1 M LiClO4/ACN system around the CV 
peak position of −1.52 V is −16.22 V−1 µm−1, which is three times larger 
than that in the pseudocapacitive system as the surface redox reaction 
happens over a narrower range of potentials. However, the selection of 
the wavelength may affect the absolute values of the slope. To address 
this issue, derivative ratios (detailed in Supplementary Note 2 and 
discussed in next section) were introduced and used to distinguish the 
charge storage mechanisms, additionally.

Coupling between charge transfer and UV–Vis 
spectral changes
Since current (i) is the rate of change of charge (Q), which can be expressed 
as dQ dt−1, the good linearity between charge and relative absorbance 
change led us to take the derivative of absorbance at signature wave-
lengths, called normalized derivative (details of theoretical analysis and 
normalized derivative are provided in Supplementary Note 4), collected 
with the MUSCA method. The normalized derivative is then plotted as a 
function of potential for both cathodic and anodic scans and compared 
to electrochemical CV curves in Supplementary Fig. 8a–c. The normal-
ized derivative plots closely resemble electrochemical CV curves in all 
these three systems, leading us to name this data representation as the 
UV–Vis CV curve. In general, the shape of the UV–Vis CV curve resembles 
the electrochemical CV curve for all these three systems and suggests 
that UV–Vis spectroscopy can be used to monitor electrochemical charge 
storage processes. Ti3C2Tx in 1 M Li2SO4 has small derivative values around 
1.0 V−1 µm−1 at all potentials (Supplementary Fig. 8a). For the Ti3C2Tx in 1 M 
H2SO4 system, the derivative value is also negligible at the EDL charging 
region in the electrochemical CV curve (Supplementary Fig. 8b). How-
ever, the derivative value started to increase at the onset potential of 
the surface redox reaction and reached the maximum value at the peak 
potential of the electrochemical CV curve in the cathodic cycle. For the 
LTO in 1 M LiClO4/ACN, the derivative has values near 0 at the initial stage 
and increases abruptly when the redox reaction occurs at −1.55 V (Sup-
plementary Fig. 8c). We note that, in certain cases, the peak of UV–Vis 
CV curves obtained with the MUSCA method emerged at a slightly more 
positive potential compared with the electrochemical CV curve. This is 
probably due to the insufficient data points collected in the potential 
range of the redox peak. Therefore, we utilized single wavelength absorb-
ance acquisition while using CV to operate the in situ UV–Vis cell (CV 
method) to obtain more precise UV–Vis CV curves.

The UV–Vis CV curves with higher precision (every 10 mV) are 
plotted in Fig. 4a–c with blue colour. As the signature wavelengths, 
450 nm and 650 nm were selected for Ti3C2Tx and LTO, respectively, 
since these wavelengths showed the largest absorbance change. In 
this case, the proportionality between absorbance and charge of the 
LTO system becomes closer to linear, as shown in Supplementary Fig. 
9 and discussed in Supplementary Note 5. The CV method-derived 
UV–Vis CV curves closely resemble their corresponding electrochemi-
cal CV curves (Fig. 4–c) in terms of the shape, the onset potential of 

the peaks, and the peak potential. The match between the UV–Vis and 
electrochemical CV curves illustrates that the UV–Vis absorbance 
change of electrode material is highly responsive towards the change 
in the state of charge.

To show that this method is not limited to Ti redox, we conducted 
in situ UV–Vis analysis on PB, a battery-type material with electro-
chromic characteristics, in 1 M KCl electrolyte51,52. As shown in Sup-
plementary Fig. 10a,b, the absorbance decreased within the cathodic 
process, and a reversible change occurred in the anodic cycle. It should 
be noticed that there was an abrupt change in the spectra at the CV 
curve peaks. Then, the normalized derivative at a fixed wavelength 
(700 nm) was calculated using MUSCA and CV methods, as shown in 
Supplementary Fig. 10d,e. Both UV–Vis CV curves are similar to the 
electrochemical CV curve and show a larger normalized derivative 
value when the electrochemical CV curve shows peaks. Similarly, the 
CV method-derived UV–Vis CV curve fits better with the electrochemi-
cal CV curve than the MUSCA UV–Vis CV curve. Hence, the correlation 
between the UV–Vis spectra and the electrochemical process is general 
and can be widely applicable to materials that experience changes 
in the electronic structure upon charge storage, such as conducting 
polymers and ceramics.
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http://www.nature.com/natureenergy


Nature Energy

Article https://doi.org/10.1038/s41560-023-01240-9

It is known that the UV–Vis absorbance change is caused by the 
change in the oxidation state of the electrode material53. For example, 
the oxidation state of the metal oxides (such as WO3 (ref. 54) and TiO2 
(ref. 55)) correlates with the colour change. The similarity between 
the UV–Vis and electrochemical CV curves confirms that the chang-
ing rate of the absorbance is higher for the electrochemical reactions 

that involve Faradaic charge transfer. Furthermore, the calculated 
derivative ratios shown in Supplementary Fig. 7b showcase the distinc-
tive differences among the various charge storage mechanisms. For 
example, the derivative ratios are ~54 for LTO in LiClO4/ACN and ~51 for 
the PB in 1 M KCl, both involving battery-type Faradaic reactions. They 
are substantially greater than that of pseudocapacitive Ti3C2Tx in 1 M 
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Fig. 5 | EDL and surface redox contributions to the total charge for Ti3C2Tx in 
different electrolytes. a,c, CV curves at 20 mV s−1 for Ti3C2Tx in 1 M H2SO4 (a) and 
Ti3C2Tx in 19.8 m LiCl (c). b,d, Normalized derivative versus potential collected 

with MUSCA method for Ti3C2Tx in 1 M H2SO4 (b) and 19.8 m LiCl (d). The pink 
region indicates the EDL contribution during the charge process (details in 
Supplementary Note 7).
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H2SO4 (~10) and the EDL capacitive Ti3C2Tx in 1 M Li2SO4 (~1.0). It agrees 
with the fact that the Faradaic reaction leads to a larger oxidation state 
change in the battery-type electrode within a narrow potential window 
compared with a pseudocapacitive or an EDL capacitive electrode.

A quantitative correlation was established in Supplementary Note 
4 between the absorbance change, number of charge transfer, n, and 
extinction coefficients, which allows us to calculate the oxidation state 
changes, similar to in situ XAS:

n = l (εox − εre)
τ0F × ΔQ

ΔA (2)

where l is thickness of the film, εox and εre are the the extinction coef-
ficients of the material in the oxidized state and the reduced state, 
respectively, τ0 is the total molar amount of electrode material, F is Fara-
day constant, and ΔQ and ΔA are the charge difference and absorbance 
change, respectively, within a selected time interval or potential range.

Here we calculated oxidation state change for Ti3C2Tx in 1 M H2SO4. 
As detailed in Supplementary Note 6, we obtained the extinction coef-
ficients by performing in situ UV–Vis analysis with the MUSCA method 
on multiple films of different thicknesses. The calculated number of 
electrons transferred during the pseudocapacitive process is 0.442 per 
Ti3C2Tx unit, which is equivalent to 0.147 electrons per Ti atom, close to 
the 0.134 electrons per Ti atom obtained from in situ XAS56. This calcula-
tion further demonstrates the potential of UV–Vis to compete with XAS.

Understanding an unconventional 
electrochemical system
Ti3C2Tx in 19.8 m LiCl shows well-defined peaks in the CV curves. This 
phenomenon is unconventional due to the non-Faradaic nature of 
these peaks10. Herein, we use in situ UV–Vis to evaluate the Faradaic 
contribution during the process. As seen in Supplementary Fig. 12a, the 
plasmonic peak of Ti3C2Tx in 19.8 m LiCl shifts around 65 nm, which is 
smaller than that in 1 M H2SO4 (130 nm), but larger than that in 1 M Li2SO4 
(30 nm). Similarly, Supplementary Fig. 7 shows that the derivative ratio 
(~1.4) of Ti3C2Tx in 19.8 m LiCl also falls between the derivative ratios in 
H2SO4 (~10) and the Li2SO4 (~1.0), but is closer to the Li2SO4 electrolyte. 
Peaks also exist in the UV–Vis CVs (Supplementary Fig. 12d,e), but are 
still small compared with Ti3C2Tx in 1 M H2SO4. These observations 
support the hypothesis that charge storage in Ti3C2Tx in 19.8 m LiCl is 
dominated by the EDL mechanism with minor Faradic contributions.

We further compare current and normalized derivative value 
of Ti3C2Tx in different electrolytes to determine the charge storage 
mechanism of Ti3C2Tx in 19.8 m LiCl. As detailed in Supplementary 
Note 7, we assume the contribution of EDL during the charging/dis-
charging process is consistent throughout the potential window if the 
surface does not change substantially. In electrochemical CV curves, 
we represent the EDL contributed current as the pink rectangular 
regions in Fig. 5a,c. The blue-shaded regions in Fig. 5a represent the 
redox contributed current, while the blue-shaded regions in Fig. 5c 
represent the to-be-determined charge storage beyond EDL contri-
bution. We performed the same treatment for UV–Vis CV curves in 
Fig. 5b,d by assuming the normalized derivative contributed by EDL 
remains constant. We have determined earlier that the absorbance 
contribution from a certain amount of charge storage remains constant 
under the same mechanism. Hence, we can determine the charge stor-
age mechanism by comparing the ratio of absorbance change in the 
shaded areas to the EDL contributed absorbance change. We show in 
Supplementary Note 7 that this is equivalent to comparing the aver-
age normalized derivative in the shaded area to the EDL contributed 
normalized derivative. Herein, the average redox-contributed normal-
ized derivative for Ti3C2Tx in 1 M H2SO4 is 5.54 V−1 µm−1, greater than 
the EDL-contributed normalized derivatives of 0.58 V−1 µm−1, which 
confirms the redox-contributed normalized derivatives are far more 
than EDL-contributed normalized derivative. On the other hand, the 

average normalized derivative for the blue-shaded area of Ti3C2Tx in 
19.8 m LiCl is 0.25 V−1 µm−1, which is smaller than the EDL-contributed 
normalized derivative of 0.62 V−1 µm−1. This indicates that the unknown 
mechanism in the blue-shaded region in Fig. 5d is similar to EDL mecha-
nism and is unlikely to involve redox processes.

The charge storage mechanisms of Ti3C2Tx in different electro-
lytes are discussed below. In the case of Ti3C2Tx in 1 M H2SO4, proton 
intercalation is accompanied by the oxidation state change of Ti. This 
is due to the surface redox reaction when the intercalated protons 
bond to the =O groups on the surface of Ti3C2Tx. In this case, the sur-
face redox reactions contribute additional charge storage, leading to 
the peaks observed in the electrochemical CV curve as shown in Fig. 
6a. On the other hand, in 1 M Li2SO4, there are no redox reactions, and 
the inserted Li+ form EDLs in the interlayer, as shown in Fig. 6b. Thus, 
a linear relationship between time and charge forms a rectangular CV 
curve. Our previous study shows that the two separated peaks in the 
CV curves of Ti3C2Tx in 19.8 m LiCl correspond to the desolvation-free 
Li+ insertion/deinsertion10. As discussed above, the change in the oxi-
dation state should lead to a notable change in the UV–Vis absorption 
spectra. The analysis from in situ UV–Vis study in this work indicates 
that a non-Faradaic reaction dominates the process and eliminates 
confusion that may be caused by the presence of the well-defined peaks 
in the electrochemical CV curves. Hence, the desolvation-free cation 
insertion/deinsertion is accompanied by negligible surface redox, 
and the peaks in the CV curve should be due to a large number of ions 
inserted and deinserted at the peak potentials, forming EDL between 
MXene sheets (Fig. 6c; water is not shown).

Conclusions
We have demonstrated that in situ UV–Vis spectroscopy is a powerful 
technique for determining charge storage mechanisms and monitoring 
redox processes in various electrochemical systems. Using the UV–Vis 
absorbance derivative, we show a correlation between spectral changes 
and electrochemical processes, which allows us to distinguish between 
the EDL, pseudocapacitive and intercalation-based battery-type redox 
processes. Proper calibration allows us to determine the number of elec-
trons transferred quantitatively during the reaction, similar to XAS. Due 
to its wide accessibility and unique ability to probe electronic structure 
and colour change, we envision that UV–Vis will play an increasingly 
important role in the in situ studies of a wide range of electrochemical 
phenomena in materials, ranging from energy storage to SEI formation, 
electrolyte decomposition, electrocatalysis, electrochromism and 
electrochemical modulation of materials properties.

Methods
Preparation of MXene
Ti3C2Tx was synthesized by the selective etching of Ti3AlC2 MAX phase 
powder (325 mesh) with a mixture of HF (48.5–51%, Acros Organics) and 
HCl (36.5–38%, Fisher Chemical) acids. Typically, 2 ml of HF, 12 ml of HCl 
and 6 ml of de-ionized (DI) water were mixed57. After that, 1 g of MAX 
phase powder was added to the solution and stirred for 24 h at 35 °C. 
After etching, the reaction product was washed with DI water using a 
centrifuge at 2,550g for 2 min until pH >6. The obtained sediment was 
dispersed in a 0.5 M LiCl solution. The mixture was shaken for 15 min, 
and then centrifuged at 2,550g for 10 min several times until the sedi-
ment delaminated and swelled. The swelled sediment was dispersed in 
DI water and then centrifuged at 2,550g for 10 min. After that, the dark 
supernatant was collected for spray-coating.

Preparation of PB
PB was synthesized according to the Neff method on a fluorine-doped 
tin oxide glass (~13 Ohm per square, MSE Supplies) using the 
three-electrode configuration58. Pt wire and Ag/AgCl were used as 
counter and reference electrodes, respectively. K3[Fe(CN)6] (10 mM), 
FeCl3·6H2O (10 mM) and KCl (50 mM) were dissolved in DI water under 
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stirring. The galvanostatic electrodeposition was performed using a 
Biologic SP 150 potentiostat. A constant current (−0.05 mA, 300 s) was 
used to conduct electrodeposition.

Thin film preparation by spray-coating
Microscopic glass slides of 25 × 75 × 1 mm (Fisher Scientific) were 
cleaned by sequential bath sonication (2510 Ultrasonic Cleaner, Bran-
son) in detergent solution (Hellmanex III, Fisher Scientific) to remove 
the residue on the glass surface followed by immersing in DI water 
and ethanol for 5 min, sonication and drying with compressed air. The 
cleaned glass slides were plasma treated (Tergeo Plus, Pie Scientific) at 
100 W with Ar/O2 at 3/5 SCCM for 5 min to make the surface hydrophilic. 
The pre-treated slides were spray-coated with Ti3C2Tx suspension 
followed by air drying through a hair dryer (1875, Conair). The Ti3C2Tx 
suspension used for spray-coating has a ~5 mg ml−1 concentration. 
The thickness of spray-coated films varied from ~50 nm to ~150 nm. 
After spray-coating, Ti3C2Tx films were kept in a vacuum oven over-
night before performing experiments. Fluorine-doped tin oxide glass 
slides were treated following the same procedure as glass slides. They 
were spray-coated with LTO suspension to obtain thin films of around 
100 nm. The LTO suspension was prepared by dispersing 1 g of LTO 
powder (>99%, Sigma Aldrich) in 10 ml DI water.

Material characterization
XRD patterns were measured with the Ni-filtered Cu Kα radiation 
(λ = 1.54 Å). Raman spectra were recorded with a Renishaw (UK) 
Raman InVia confocal microscope, with a laser excitation of 785 nm 
(for Ti3C2Tx) and 633 nm (for PB and LTO), grating 1,200 g mm−1 and 
5% laser power.

Fabrication of in situ UV–Vis spectroscopy cell
To record UV–Vis spectra of thin films, we fabricated three-electrode 
cells according to the procedure below. The working electrodes were 
Ti3C2Tx, LTO and PB thin films (thickness ~50–150 nm) as per the last 
section. A silver wire was used as the reference electrode. The counter 
electrodes were overcapacitive films of Ti3C2Tx (thickness ~200 nm). 
A circular area of Ti3C2Tx (diameter ~5 mm) was removed in the middle 
of the counter electrode to allow the UV–Vis beam to pass through the 
working electrode and avoid optical contribution from the counter 
electrode. A thick 3 M double-sided tape (3 M VHB Tape 4910) was 
used to fabricate walls, which create an electrolyte reservoir attached 
to electrodes. We used 2 mm graphite foil (0.13 mm thick, Alfa Aesar) 
to provide contacts between electrodes and the potentiostat. The 
electrolytes used were 1 M sulfuric acid (H2SO4, Fisher Scientific, 98%), 
19.8 m lithium chloride (LiCl, Fisher Scientific) and 1 M lithium sulfate 
(Li2SO4, Fisher Scientific). When conducting the measurements, the 
in situ UV–Vis cell was fixed in the middle of the sample holder to pass 
light through the hole of the cell.

In situ UV–Vis spectroscopy (MUSCA method and CV method)
Cells made with glass slides filled with 1 M H2SO4, 19.8 m LiCl, 1 M Li2SO4, 
1 M LiClO4/ACN and 1 M KCl were used as blanks to calibrate the system 
before performing in situ UV–Vis tests. The absorption spectra were 
recorded from 300 nm to 1,000 nm with 1 nm steps using a Thermo 
Scientific UV–Vis spectrometer Evolution 201 with a tungsten lamp and 
dual-silicon-photodiode detector. In situ UV–Vis spectra were recorded 
by synchronous measurements of the UV–Vis spectrophotometer with 
a Biologic SP 150 potentiostat (Bio-Logic). The in situ UV–Vis cell was 
placed on the holder of the spectrophotometer in a way that the hole 
in the counter electrode aligned with the beam path. Before the in situ 
tests, the cells were pre-cycled by performing CV at 20 mV s−1 to deter-
mine the stable potential window of cells with different electrolytes 
(2 mV s−1 for LTO). The potential windows are 0 V to −0.8 V for Ti3C2Tx in 
1 M Li2SO4 and 1 M H2SO4, −0.8 V to 0.6 V for Ti3C2Tx in 19.8 m LiCl, −0.2 V 
to 0.6 V for PB in 1 M KCl, and −1.7 V to −1.2 V for LTO in 1 M LiClO4/ACN, 

respectively. The UV–Vis absorbance of the five electrochemical sys-
tems was recorded in situ every 50 mV from the open circuit potential 
to the cathodic limit potential, after the systems equilibrated at each 
potential step. This MUSCA technique was used to qualitatively study 
the kinetics of this system using the MUSCA profiles (Supplementary 
Fig. 14)42. In this in situ measurement method, the long step time (150 s 
for Ti3C2Tx and PB, and 210 s for LTO) enables the response current to 
level off to zero before moving to the next voltage step. After calculat-
ing the integration of current versus time, reconstructed CV curves 
(MUSCA CV curves) were obtained as seen in Fig. 2d–f and Supplemen-
tary Figs. 10c and 11c. For the CV method, the absorbance at a single 
wavelength (Ti3C2Tx at 450 nm, PB at 700 nm and LTO at 650 nm) was 
acquired using a UV–Vis spectrometer with 1 s acquisition time, when 
the in situ cell was running CV at a relatively low scan rate (Ti3C2Tx at 
10 mV s−1, PB at 10 mV s−1 and LTO at 1 mV s−1).

Reconstructed MUSCA CV curves
As shown in Supplementary Fig. 14, the resulting current was monitored 
as a function of time at each potential step. The mean current of first 
Δt at each potential step is given according to

i =
∫Δt
0 idt
Δt (3)

where Δt is the selected time and i is the response current. Then the 
scan rate v is given according to

v = ΔV
Δt (4)

where ΔV is the potential interval (50 mV in this case). Here we selected 
Δt to be 0.5 s, 1.25 s, 2.5 s, 5 s, 12.5 s, 25 s and 50 s for the aforementioned 
five systems.

Data availability
All relevant data are available within the paper and Supplementary 
Information. Source data are provided with this paper.
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