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Abstract 

The solid-liquid electrochemical interface offers a two-dimensional environment for 

geometrically confined interfacial reactions to tailor electrode surface chemistry under operating 

conditions. Herein, we demonstrate that the dissolution and redeposition kinetics of transition 

metal cations, a ubiquitous phenomenon at the electrochemical interface, can be manipulated to 

regulate the chemical composition and crystal structure of the electrode surface as well as the 

overall electrochemical performance. Foreign cations (e.g., Ti4+), either added as electrolyte 

additives or dissolved from surface coatings, can rapidly participate in the electrode dissolution-

redeposition process, and facilitate the establishment of the dissolution-redeposition equilibrium. 

Our work expands the control over the electrochemical reactions at the solid-liquid interface and 

provides new insights into interfacial studies in electrochemistry and surface science. 
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      The research on rechargeable batteries, electrocatalysis, and electrochromics continues to 

expand, reflecting the growing demand for high-performance electrochemical energy systems.1 

The electrochemical performance of these systems relies on stable interactions between electrodes 

and electrolytes.2 Surface coatings have been shown effective in modulating electrode surface 

chemistry and thus interfacial reactions. 3, 4 These layers act as physical protective barriers to limit 

side reactions between electrodes and electrolytes, which mitigates electrode dissolution,5 

electrolyte decomposition,6 parasitic gas evolution,7 and electrode mechanical degradation.8 They 

can also serve as charge transfer promoting agents to accelerate electron and/or ion transport, such 

as carbon thin layer9 and solid-electrolyte thin layer10 on electrode surface.11, 12 Most studies have 

focused on improving electrochemical performance using various surface coatings, with little 

attention paid to the functioning mechanisms or structural evolution of these surface coatings under 

electrochemical reactions. 

      The electrochemical interface, where the surface coating is located, is a dynamically reactive 

environment.13-16 Maintaining the structural and chemical integrity of thin surface coatings is 

usually challenging, in part because surface coatings themselves can participate in electrochemical 

reactions. For example, the rutile-TiO2 surface coating layer on Li4Ti5O12 anode contributes to the 

first discharge capacity and improves anode rate capability.17 Different thicknesses of SnO2 surface 

coatings on Cu substrates can selectively promote the electrochemical reduction of CO2 to CO or 

formate.18 However, how thin surface coatings undergo chemical and structural transformations 

under electrochemical conditions remains an open question. Exploring the dynamic evolution of 
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surface coatings will offer new insights into reactive electrochemical interfaces that are ubiquitous 

in nearly all heterogeneous electrochemical systems involving solid-liquid interfaces.  

      Here, we investigate how a common surface coating material (TiO2) transforms and exhibits 

strong interactions with the proton-intercalation electrode (WO3). WO3 electrodes undergo 

dissolution-redeposition during repeated proton intercalation/deintercalation in the sulfuric acid 

(H2SO4) electrolyte. Including Ti cations in the electrolyte enables Ti cations to participate in such 

a dynamic process, leading to the in situ formation of an amorphous TiO2 surface layer, which 

promotes the dissolution-redeposition equilibrium at the electrochemical interface, thus alleviating 

WO3 dissolution and modulating the electrode morphology. Such a dynamic evolution can also 

transform heterogeneous, crystalline TiO2 islands into a homogenous, amorphous coating layer. 

This work demonstrates the intertwined dissolution-redeposition dynamics between the oxide 

surface coating and the electrode in aqueous electrolytes and highlights that the electrochemical 

interface can be manipulated to resynthesize electrode surface chemistry for enhanced 

electrochemical performance. 

 

      Changing the electrolyte composition can modify the electrode surface structure under 

electrochemical conditions. Our previous work has illustrated that foreign Fe3+ cations in the 

electrolyte can selectively incorporate into edge sites of the Ni(OH)2 electrocatalyst, resulting in 

an effective oxygen evolution reaction.19 Besides, repeated WO3 dissolution and redeposition can 

degrade the electrochromic performance of WO3 electrodes in the H2SO4 electrolyte.20 We 

conjecture that adding foreign cations to the electrolyte could impact the dissolution-redeposition 
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dynamics, modulate the WO3 electrode surface structure, and decelerate the degradation. Here, 0.1 

M TiOSO4 is added to 0.5 M H2SO4 as the electrolyte to cycle the WO3 working electrode. In the 

typical three-electrode configuration, the Pt foil is the counter electrode, and Ag/AgCl is the 

reference electrode (details in experimental sections). Electrochemical cycling with variable scan 

rates can reveal the different kinetic behaviors of various cations in electrolytes.21 Slow cyclic 

voltammetry (CV) cycling (0.1 mV/s scan rate, Figure 1a) of the WO3 electrode in the 0.1 M 

TiOSO4 + 0.5 M H2SO4 electrolyte is almost irreversible without corresponding anodic currents. 

However, when under high scan rates (Figure 1a, the inset), the CV performance is similar to the 

one cycled in the 0.5 M H2SO4 only electrolyte (Figure S1). Therefore, when the WO3 electrode 

is cycled at different scan rates in the mixed 0.1 M TiOSO4 + 0.5 M H2SO4 electrolyte, there is a 

significant difference in the kinetics between Ti cations and protons. With slow CV scan rates, 

irreversible deposition of Ti cations dominates the electrochemical process, while with increasing 

scan rates, reversible proton intercalation and deintercalation gradually dominate. 

Thermodynamically, based on the Pourbaix diagram of the Ti-H2O system, TiO2 is preferentially 

formed under our pH (pH=0.6) and potential conditions (0.044 V-0.844 V vs standard hydrogen 

electrode).22 After slow CV cycling, Ti L-edge soft-X-ray absorption spectroscopy (s-XAS) of the 

WO3 electrode (Figure 1b) shows the formation of a nearly amorphous TiO2 surface layer.23 Faster 

CV cycling cannot induce the formation of this TiO2 surface layer (Figure S2), which can further 

verify the kinetic difference of Ti cations and protons. The pure FTO substrate, with a dense 

Fluorine-doped Tin Oxide layer, exhibits the same Ti L-edge s-XAS results when cycled in the 0.1 

M TiOSO4 + 0.5 M H2SO4 electrolyte (Figure S3). Therefore, the formation of the amorphous 
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TiO2 surface layer is not governed by the nature of the electrode but rather by the electrochemical 

protocol. The presence of the TiO2 surface layer can also be validated by scanning transmission 

electron microscopy-energy dispersive X-ray spectroscopy (STEM-EDS) Ti elemental map 

(Figure S4) and Ti L-edge electron energy loss spectroscopy (EELS) line profile (Figure S5). Due 

to the 5-10 nm WO3 nanocrystals within the WO3 electrode and its porous nature,20 newly formed 

TiO2 surface layer is present throughout the electrode. Next, the formation of this TiO2 surface 

layer is monitored using in situ X-ray fluorescence microscopy (XFM). As a scanning probe 

technique with high elemental sensitivity, XFM has been used to investigate the structural 

evolution of the electrode, such as phase segregation, and metal dissolution and redeposition, based 

on element-sensitive fluorescence signals.24-26 Using our customized in situ XFM electrochemical 

cell (Figure 1c-1d, details in experimental sections), with the addition of the 0.1 M TiOSO4 + 0.5 

M H2SO4 aqueous electrolyte, the new broad Ti-element fluorescence signal at ~ 250 counts/pixel 

comes from the electrolyte (Figure 1e). As slow CV cycling proceeds, since the Ti-element 

fluorescence signal of the amorphous solid TiO2 surface layer is stronger than that from the Ti-

containing electrolyte, the increasing number of pixels at high Ti-element fluorescence 

counts/pixel positions represents the gradual deposition of the solid TiO2 surface layer (Figure 1e), 

which is consistent with the signal buildup in Ti-element XFM images (Figure 1f). In the 

meantime, W elemental distribution curves shift slightly to the left (Figure S6), indicating that the 

W content in the electrode marginally decreased. Therefore, the TiO2 surface layer can be formed 

by controlling electrochemical conditions, accompanied by a slight dissolution of the WO3 

electrode. 
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Figure 1  The formation of the amorphous TiO2 surface layer on the WO3 electrode surface. 

(a) Cyclic voltammetry (CV) of the WO3/FTO electrode for 3 CV cycles in the 0.1 M TiOSO4 + 

0.5 M H2SO4 electrolyte at 0.1 mV/s scan rate with -0.165 V-0.635 V vs. Ag/AgCl (3M, NaCl).  

The inset is the CV curves of the WO3/FTO electrode in the 0.1 M TiOSO4 + 0.5 M H2SO4 
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electrolyte at various scan rates within the same potential range. The arrow indicates the direction 

of CV cycling. (b) Ti L-edge s-XAS in the TEY (total electron yield) mode of the WO3/FTO 

electrode after 3 CV cycles in the 0.1 M TiOSO4 + 0.5 M H2SO4 electrolyte at 0.1 mV/s scan rate 

with -0.165 V-0.635 V vs. Ag/AgCl (3M, NaCl). No pre-edge features, no splitting of the L3-eg 

subband, and the higher peak intensity of the L3-eg subband (compared to the L3-t2g subband) 

suggest the amorphous feature of TiO2. Only the TEY mode is analyzed in s-XAS because the thin 

thickness of the newly formed TiO2 surface layer gives the FY (fluorescence yield) mode a 

relatively noisier signal. (c) The specific structure of the in situ XFM electrochemical cell is a 

three-electrode electrochemical system. Carbon paper is used as the substrate for better X-ray 

penetration. (d) In situ XFM experimental setup in the 2 ID-E beamline at the Advanced Photon 

Source. More details are in the experimental section. (e) Ti elemental distribution curves of the Ti-

element fluorescence counts/pixel (pixel size: 1 μm x 1 μm, X-axis) and the number of pixels (Y-

axis) of the WO3/C electrode during 3 CV cycles in the 0.1 M TiOSO4 + 0.5 M H2SO4 electrolyte 

at 0.5 mV/s scan rate with -0.165 V-0.635 V vs. Ag/AgCl (3M, NaCl). Pristine Ti elemental 

distribution curve is without the electrolyte, suggesting the existence of Ti-containing species from 

carbon paper. The 1st Ti elemental distribution curve is the one right after adding 0.1 M TiOSO4 + 

0.5 M H2SO4 electrolyte, indicating the beginning of slow electrochemical cycling. The subsequent 

2nd to the 9th Ti elemental distribution curves show the evolution of Ti elemental distribution during 

the formation of the TiO2 surface layer. (f) Ti-element XFM images during the formation of the 

TiO2 surface layer in (e), where the color bar on the right represents the absolute Ti-element 

fluorescence counts in each pixel. 
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      By using in situ XFM and pixel-by-pixel quantitative analysis, we can learn more about how 

the newly formed TiO2 surface layer interacts with the WO3 electrode during 3,000 CV cycling in 

the 0.5 M H2SO4 electrolyte for improved electrochemical performance. Higher Coulombic 

efficiency (Figure 2a) and larger optical modulation (Figure 2b) can be obtained during 3,000 

CV cycling in the 0.5 M H2SO4 electrolyte after forming a TiO2 surface layer at a scan rate of 0.5 

mV/s in 0.1 M TiOSO4 + 0.5 M H2SO4 electrolyte. The formed amorphous TiO2 surface layer can 

be observed at the beginning of the 3,000 CV cycling in the 0.5 M H2SO4 electrolyte (Figure S7, 

1st Ti-element XFM image). The gradual decay of the Ti-element fluorescence signal at high Ti-

element fluorescence counts/pixel positions in the Ti elemental distribution curves further 

confirms the existence and the dissolution of the TiO2 surface layer (Figure S8). Regarding the 

WO3 electrode, with the TiO2 surface layer (Figure 2c and S9) and without (Figure S10a and 

S11), a series of W elemental distribution curves and XFM images can reveal that there is no major 

net WO3 dissolution with the TiO2 surface layer (Figure 2c), while the WO3 electrode without the 

TiO2 surface layer has experienced severe net dissolution (Figure S11). The suppressed WO3 

dissolution can also be manifested with the ICP-MS characterization (Figure S12). In addition to 

direct quantitative analysis of the whole region of interest, the evolution of local W-element 

content in each pixel would provide additional insights into the metal dissolution-redeposition 

dynamics. XFM image subtraction and subsequent pixel-by-pixel analysis are used to generate the 

histograms of the difference in W-element fluorescence counts in each pixel (Figure 2d and S10b), 

and the degree of local evolution is reflected in the width of these histograms. The wider the 

distribution, the more aggressive and heterogenous the dissolution-redeposition dynamics. For 
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both 1st –3rd histograms in Figure 2d and S10b, the differences in counts in each pixel are large, 

indicating that some regions undergo substantial metal dissolution (positive in the difference of 

counts), and some other regions experience redeposition (negative in the difference of counts), 

thus the width of the histogram is broad. However, the WO3 electrode with the TiO2 surface layer 

shows a greater shrinkage of the histogram width (31st – 33rd histogram in Figure 2d) after 3,000 

CV cycling. This is direct evidence that the in situ formed amorphous TiO2 surface layer can 

stabilize the local dissolution-redeposition dynamics under electrochemical conditions. 

      The stabilizing effect of the surface layer is related to the intertwined dissolution and 

redeposition of the surface layer and the electrode. During 3,000 CV cycling, the TiO2 surface 

layer gradually dissolves (Figure S7) and redeposits (Figure S13), but the homogeneity of 

Ti/(Ti+W) weight ratio distribution maintains (Figure 2e). In addition, we have demonstrated that 

the WO3 electrode tends to form nanoflakes after 3,000 CV cycling in the 0.5 M H2SO4 electrolyte 

due to the aggressive WO3 dissolution and redeposition.20 However, the presence of the TiO2 

surface layer significantly changes the final electrode morphology (Figure 2f). The slowest CV 

scan rate in the 0.1 M TiOSO4 + 0.5 M H2SO4 electrolyte will produce the thickest TiO2 surface 

layer (Table S1). The thicker the TiO2 surface layer, the less nanoflake formation after cycling, 

suggesting the greater interaction between the dissolved Ti cations and W cations. Similarly, when 

the WO3 electrode directly experiences 3,000 CV cycling in 0.1 M TiOSO4 + 0.5 M H2SO4 

electrolyte, no nanoflakes can be formed (Figure S14). Such interaction is demonstrated by the 

color change of the electrolyte (Figure S15). When cycling the WO3 electrode in the 0.1 mM 

TiOSO4 + 0.5 M H2SO4 electrolyte, the electrolyte gradually turns yellowish. The intentionally 
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added Ti cations interact with the dissolved W cations and sulfate anions to form mixed complexes, 

which exhibit additional light absorption at 450 nm (Figure S15). When Ti cations come from the 

dissolution of the TiO2 surface layer, similar complexes can form. Since the newly formed 

complexes have different deposition kinetics, the redeposition process is moderated, resulting in 

different electrode morphologies (Figure 2f). Concurrently, the concentration of dissolved W 

cations at the interface becomes stabilized, which can facilitate establishing the dissolution-

redeposition equilibrium, thereby minimizing metal dissolution. Based on the above discussions, 

the intertwined dissolution-redeposition of the TiO2 surface layer and the WO3 electrode is the 

fundamental mechanism that regulates the interfacial reaction, leading to less metal dissolution in 

the acidic electrolyte. 
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Figure 2 The alleviated dissolution of the WO3 electrode after the formation of the 

amorphous TiO2 surface layer. (a) Coulombic efficiency of the WO3/FTO electrode during 3,000 

CV cycles in 0.5 M H2SO4 electrolyte at 60 mV/s scan rate with -0.165 V-0.635 V vs. Ag/AgCl 



14 

 

(3M, NaCl). 0.5 mV/s refers to the formation of an amorphous TiO2 surface layer with 0.5 mV/s 

slow scan in 0.1 M TiOSO4 + 0.5 M H2SO4 electrolyte. No slow-scan refers to the controlled 

sample without the TiO2 surface layer. (b) Optical modulation of the WO3/FTO electrode during 

3,000 CV cycles. (c) W elemental distribution curves of the W-element fluorescence counts/pixel 

(pixel size: 1 μm x 1 μm, X-axis) and the number of pixels (Y-axis) during 3,000 CV cycling in 

the 0.5 M H2SO4 electrolyte at 60 mV/s scan rate with -0.165 V-0.635 V vs. Ag/AgCl (3M, NaCl). 

The total image size is 150 μm x 110 μm with a total of 16,500 pixels. The 1st W elemental 

distribution curve is the first one during 3,000 CV cycling. (d) Quantitative analysis of the 

evolution of local W content in each pixel with the TiO2 surface layer. 1st – 3rd represents using 

the 1st XFM image to subtract the 3rd XFM image. (e) Ex situ XFM quantitative analysis of Ti/ 

(Ti+ W) weight ratio of the WO3/FTO electrode after 3 CV cycles in the 0.1 M TiOSO4 + 0.5 M 

H2SO4 electrolyte at 0.1 mV/s scan rate with -0.165 V-0.635 V vs. Ag/AgCl (3M, NaCl) and its 

evolution after 3,000 CV cycling in 0.5 M H2SO4 electrolyte at 60 mV/s scan rate within the same 

potential range. (f) Different morphological evolutions of the electrode after 3 slow CV cycles in 

the 0.1 M TiOSO4 + 0.5 M H2SO4 electrolyte (0, 0.1, 0.5, and 1.0 mV/s scan rates, respectively) 

and subsequent 3,000 CV cycling in the 0.5 M H2SO4 electrolyte (all 60 mV/s). Details of SEM 

images are provided in the experimental section.  

 

      The dynamic interaction between the electrode and the surface layer during electrochemical 

cycling exists not only when the surface layer is formed by electrochemical cycling. Another thin 

film deposition technique such as ALD (Atomic Layer Deposition) is used to prepare a surface 
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layer and it exhibits a significant evolution of elemental distribution and drastic phase 

transformation. Ti L-edge s-XAS results suggest that the ALD-made nominal 2 nm TiO2 surface 

layer has an anatase crystalline structure,23 but after 3,000 CV cycling in the 0.5 M H2SO4 

electrolyte, it transforms to an amorphous structure (Figure 3a). The dissolution of the ALD-TiO2 

surface layer (Figure S16) and its interaction with the dissolved WO3 electrode (Figure S17a) 

resulted in the dissolution of W species initially slow and then faster (Figure S17b). After cycling, 

there is no nanoflake formation (Figure S18). More importantly, the heterogeneity of Ti/(Ti+W) 

weight ratio distribution is greatly alleviated (Figure 3b). Since the apparent H+ diffusion 

coefficient in the anatase TiO2 layer is lower than that in the amorphous one27 and dissolving the 

TiO2 surface layer exposes more proton-intercalation WO3 electrodes, the electrochemical 

capacity decays, stabilizes, and increases over cycling, while the Coulombic efficiency reduces 

after 1,500 cycles due to proton trapping in both amorphous TiO2 surface layer and bulk WO3 

lattice (Figure 3c).20 Concurrently, the heterogeneous, crystalline TiO2 islands on the WO3 

electrode are transformed into a homogenous, amorphous coating layer (Figure 3d). The higher 

elemental homogeneity of the surface layer resulting from electrochemical cycling can potentially 

be utilized to obtain conformal surface coatings with precisely controlled chemical compositions. 

Altogether, the dynamic structural evolution of the surface layer during electrochemical reactions 

is accompanied by the dissolution and redeposition, evolution of elemental distribution, and phase 

transformation. These are the foundational factors that how the surface layer modulates 

electrochemical reactions in aqueous electrolytes by resynthesizing electrode surface chemistry. 
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Figure 3 Structural evolution of ALD-made TiO2 surface coating. (a) Ti L-edge s-XAS in the 

TEY (total electron yield) mode of the ALD-made TiO2/ WO3 electrode before and after 3,000 CV 

cycling in 0.5 M H2SO4 electrolyte at 60 mV/s scan rate with -0.165 V-0.635 V vs. Ag/AgCl (3M, 

NaCl). (b) Ex situ XFM quantitative analysis of Ti/(Ti+ W) weight ratio of the ALD-made 

TiO2/WO3 electrode before and after 3,000 CV cycling.(c) The electrochemical capacity evolution 

of the ALD-made TiO2/WO3 electrode during the 3,000 CV cycling. (d) Schematic illustration of 

the structural evolution of the ALD-made TiO2 surface layer during electrochemical cycling: from 

crystalline to amorphous phase transformation and progressively uniform element distribution. 

 

     Understanding the structural and chemical evolution of the surface layer on electrodes can 

offer mechanistic insights into controlling the reactive electrochemical interface and enhancing 

our capability to manipulate electrochemical processes. The present study highlights that the solid-
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liquid electrochemical interface offers a two-dimensional, geometrically confined reactive 

environment for the in situ resynthesis of electrode surface chemistry. At low CV scan rates, Ti4+ 

cations in the proton electrolyte can participate in the dissolution-redeposition dynamics at the 

electrochemical interface, resulting in the formation of an amorphous TiO2 surface layer on the 

WO3 electrode. Upon prolonged electrochemical cycling in the proton electrolyte, the dissolution-

redeposition dynamics of the newly formed TiO2 surface layer intertwine with those of the WO3 

electrode. Such intertwinement leads to the establishment of the dissolution-redeposition 

equilibrium, which inhibits metal dissolution, stabilizes electrode morphology, and promotes 

electrochemical performance. We further discover that a crystalline TiO2 surface layer deposited 

on the WO3 electrode can rapidly transform into an amorphous TiO2 surface layer due to the 

dissolution-redeposition dynamics. In summary, our work demonstrates the dynamic nature of the 

metal dissolution and deposition behaviors, which can be engineered to resynthesize electrode 

surface chemistry and regulate electrochemical reactions at the solid-liquid interfaces.  

 

 

Supporting Information Available: Experimental methods; Cyclic-Voltammetry (CV) 

electrochemical test of the WO3/FTO electrode at various scan rates; Ti L-edge soft X-ray 

absorption spectroscopy (s-XAS) of the FTO substrate; High-angle annular dark-field (HAADF) 

STEM image and corresponding EDS elemental maps and EELS Ti L edge spectra; W elemental 

distribution curves; W XFM images; Quantitative analysis of the evolution of local W content; 

ICP results; Ti elemental distribution curves; SEM-EDS Ti elemental mapping; Transmittance 
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