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Abstract

AgBiS2 has emerged as a highly promising light-absorbing material for solar energy 

conversion owing to its direct band gap, strong visible-light absorption, and compatibility with 

scalable solution-based processing. A particularly intriguing characteristic of AgBiS2 is that its 

optical absorption coefficient can be markedly enhanced through cation-disorder engineering. 

Previous studies have demonstrated that solution chemistry can induce cation disorder in 

AgBiS2; however, it simultaneously governs crystal growth and morphology, including the 

formation of one-dimensional nanostructures. Despite its importance, the interplay between 

cation disorder and morphology control has remained poorly understood. Here, we 

systematically investigate the chemical interactions among thiourea (TU), serving as both a 

sulfur (S) source and coordinating ligand, metal cations (Ag+ and Bi3+), and dimethyl sulfoxide 

(DMSO) as the solvent. Density-functional-theory calculations combined with spectroscopic 

and structural analyses consistently reveal that both TU and DMSO bind more strongly to Bi3+ 

than to Ag⁺. Notably, the comparable binding energies of the TU–Bi and DMSO–Bi complexes 

impose a thermodynamic constraint on cation disorder. Consequently, increasing the TU 

concentration suppresses cation disorder, while instead promoting anisotropic crystal growth, 

leading to the formation of one-dimensional AgBiS2 nanostructures through specific TU–metal 

coordination. Furthermore, AgBiS2 thin-film photocathodes with controlled nanostructures 

were fabricated and evaluated for photoelectrochemical (PEC) water splitting, demonstrating 

how the chemically driven trade-off between cation disorder and morphology directly 

influences PEC performance.
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Introduction

The advancement of solar energy conversion technologies depends critically on the discovery 

and development of new semiconducting materials that offer efficiency, stability, and 

environmental sustainability.1-3 In this context, AgBiS2 has emerged as a promising candidate 

owing to its suitable direct band gap (1.0~1.4 eV), high absorption coefficient (~105 cm-1 in 

visible spectral range), and the earth-abundant, non-toxic nature of its constituent elements. 

Furthermore, AgBiS2 can be synthesized in diverse solution-processing routes (e.g., molecular 

inks4-8, colloidal synthesis9-11), offering engineering advantages by enabling simultaneous 

control over both optical and electrical properties.

Among the characteristics that govern AgBiS2, cation disorder has emerged as a critical factor 

due to its significant impact on optoelectronic properties. Cation disorder refers to the random 

distribution of two or more distinct metal cations across the designated crystallographic sites 

in a multinary compound.12 This structural deviation occurs when the cations occupy sites that 

are not strictly dictated by the perfect crystal symmetry, leading to compromised local 

symmetry and fundamentally altered physical properties. By intentionally introducing cation 

disorder, the optical, electrical, and thermal properties of a material can be precisely tuned.13-

18 Wang et al. demonstrated that cation-disordered AgBiS2 nanocrystals, obtained via post heat 

treatment, exhibited a high absorption coefficient up to 8 × 105 cm–1,9 which enables efficient 

light harvesting and achieves power conversion efficiencies above 9%. Several subsequent 

works have explored similar strategies to induce cation disorder, mainly through 

compositionally controlled nanocrystal synthesis.10, 19

Nanocrystal-based approaches, however, require multiple processing steps, including 

synthesis, washing, ligand exchange, and redispersion, which significantly increase fabrication 

complexity and cost. Moreover, many studies on nanocrystal-based materials have investigated 
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disorder formation via mild post-heat treatment.12 Such post-heat treatments can induce ligand 

decomposition or nanoparticle agglomeration, thereby limiting precise control over the degree 

of cation disorder. In contrast, molecular solution-processed thin-film fabrication offers a 

simplified, highly scalable route by enabling direct conversion of precursors into a film, thereby 

overcoming the limitations of nanocrystal-based methods (e.g., extensive surface termination 

defects at particle boundaries). More importantly, solution-based methods can provide 

enthalpy- and temperature-driven mechanisms for thermodynamically stable disordered phases 

(ΔG = ΔH − TΔS), whereas nanocrystal-based methods rely solely on temperature control to 

achieve disorder stabilization.4-8 This emerging methodology leverages precursor chemistry to 

fundamentally influence the local coordination environment of cations. This chemical control 

enables new thermodynamic pathways for tuning disorder, potentially offering a more precise 

and scalable alternative to traditional temperature-dependent approaches.20

Our group previously demonstrated that cation disorder in AgBiS2 can be effectively 

engineered using a dithiocarbamate (DTC)-based molecular ink strategy, where the ligand–

metal binding energy was identified as the decisive parameter governing cation arrangement.8 

While this work established a clear link between molecular chemistry and optoelectronic 

properties, it was confined to a DTC ligand and pyridine as the solvent. Consequently, a general 

framework describing how precursor chemistry governs cation disorder across diverse ligand–

metal–solvent systems has yet to be established.9 Understanding and establishing rational 

design rules for precursor chemistry is therefore essential, as complex ligand–metal–solvent 

interactions can influence not only atomic-scale cation disorder but also higher-level structural 

and optoelectronic characteristics. For instance, chemical interactions fundamentally govern 

the nucleation and growth kinetics of the AgBiS2 phase. Accordingly, ligand–cation 

interactions in molecular solutions can also modulate the morphology of final films.21-28 Given 
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that nanostructuring strategies can significantly affect optical and electrical properties, 

understanding the dual role of precursor chemistry in both cation disorder engineering and 

morphology control is crucial. Therefore, a systematic investigation into precursor chemistry 

is required to establish rational design rules that simultaneously govern cation disorder and 

morphology control, thereby fully harnessing the optoelectronic potential of AgBiS2. 

In this study, we investigate the relationship between chemical interactions, cation disorder, 

and morphology in AgBiS2 using TU as a S-containing ligand and DMSO as a coordinating 

solvent. TU–DMSO-based molecular inks are widely employed in solution processing due to 

their excellent solvating and stabilizing abilities,4, 　 29-40 and it is well-recognized that the 

chemical environment of such precursor solutions fundamentally determines the final film’s 

structural quality.41 However, their impact on the thermodynamic pathways governing cation 

disorder and morphological evolution has not been fully elucidated. Here, we systematically 

elucidate how ligand–metal–solvent coordination chemistry dictates precursor speciation, ion-

release kinetics, and thin-film growth behavior. Moreover, we investigate how ligand-metal-

solvent coordination chemistry, subtly tuned by the TU-to-metal molar ratio (TU/M), governs 

precursor coordination environments, thin-film growth, and the conditions for enthalpy-driven 

cation disorder control. Finally, by implementing the engineered AgBiS2 films as 

photocathodes, we establish a direct link between precursor chemistry, thin-film structure, and 

PEC performance.
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Results and Discussion

The precursor solution was prepared by dissolving AgCl and BiCl3 as the sources of Ag and 

Bi, respectively, together with TU as the S source in DMSO. Precursor inks were then spin-

coated onto an Au/Fluorine-doped tin oxide (FTO) substrate and subsequently annealed to form 

AgBiS2 films. Detailed experimental procedures are provided in the Experimental Section. In 

this study, the TU/M was varied from 0.5 to 8 to elucidate how molecular coordination 

chemistry in the precursor ink influences cation disorder and film morphology. The calculated 

coordination structures of Ag–TU and Bi–TU complexes at their maximum coordination 

numbers are shown in Figure 1a-b. In the precursor solution, Ag and Bi exhibit distinct 

coordination preferences towards the S atom of TU, with a maximum coordination number of 

4 and 6, respectively. Representative calculated coordination geometries for Ag–TU 

(coordination numbers 1-4) and Bi–TU (coordination numbers 1-6) are additionally shown in 

Figure S1. To gain a deeper insight into the molecular interactions governing precursor 

behavior, binding energy calculations were performed for the TU–Ag+ and TU–Bi3+ complexes, 

complemented by Raman spectroscopy. As shown in Figure 1c, the binding energy of Bi–TU 

(approximately –0.5 to –0.3 eV/atom) is significantly larger than that of Ag–TU (about –0.1 

eV/atom), indicating a stronger coordination affinity of Bi3+ toward TU under identical 

conditions. 

Previous studies have demonstrated that coordination of metal cations to the S atom induces 

electron delocalization toward the metal center, leading to a weakening of the C=S bond and a 

red shift of the corresponding vibrational mode.32 Consistent with previous findings, our 

calculation results also revealed a red shift in the C=S stretching vibration upon coordination 

with both Ag+ and Bi3+, confirming that both cations are coordinated with the C=S moiety in 

TU (Figure 1d, e). To experimentally validate these predictions, Raman spectra were collected 
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for solutions containing TU alone as well as TU coordinated with Ag⁺ or Bi³⁺. As shown in 

Figure 1f and g, the characteristic C=S stretching mode is clearly observed in the ~745 cm–1 

region for all solutions. Notably, coordination with either Ag⁺ or Bi³⁺ induces a distinct red 

shift relative to pristine TU, in excellent agreement with the calculated results. The specific 

wavenumbers for these calculated and experimental peak positions are summarized in Table 

S1. These results provide direct experimental evidence that metal–TU coordination weakens 

the C=S bond through coordination-induced electronic redistribution, thereby corroborating 

the coordination-induced electronic interactions in the precursor solutions.
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Figure 1. (a-b) Coordination geometries of metal cations fully saturated with TU ligands: (a) 

Ag+ with four TU ligands (tetrahedral), and (b) Bi3+ with six TU ligands (octahedral). (c) 

Calculated binding energy profile of Ag and Bi cations as a function of coordination number. 

(d-g) Calculated and experimental liquid Raman spectra comparing the C=S stretching mode 

of pure TU and TU coordinated with Ag+ and Bi3+. Each subplot includes two spectra: TU 

only and TU+metal cation, illustrating coordination-induced peak shifts.
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Having established the S-based coordination of TU, we next examined the role of the solvent, 

DMSO, in metal-ligand interaction. The calculated representative coordination geometries for 

Ag+ and Bi3+ with DMSO ligands at the maximum coordination numbers are illustrated in 

Figure S2a, b, which shows the strong solvation capacity of DMSO. This effective solvation 

plays a key role in modulating the coordination behavior of TU toward Ag+ and Bi3+, thereby 

altering respective coordination mechanisms. Solution-phase Raman Spectroscopy offers 

direct insight into the coordination modes of Ag+ and Bi3+ with TU in DMSO, reflecting their 

interaction pathways in the actual chemical environment (Figure 2a-d). In the nTU(M), n 

denotes the TU/M when both Ag+ and Bi3+ are present at 0.2 M each (i.e., a total metal 

concentration of 0.4 M). When only a single metal cation is present, the notation is written as 

nTU(Ag) or nTU(Bi); in these cases, the effective TU-to-metal molar ratio becomes 2n, as the 

metal concentration remains fixed at 0.2 M throughout this study. 

Under the 1TU condition, the C=S stretching peak of TU exhibits a greater blue shift in the 

presence of Ag+ than in the presence of Bi3+, indicating a stronger binding interaction between 

Ag+ and TU. As the molar ratio increases, this shift gradually diminishes. In contrast, under 

Bi3+ conditions, the C=S peak does not shift at 1TU but progressively red shifts with increasing 

TU concentration, eventually overlapping with the C=S peak observed under Ag+ conditions. 

The precise peak positions for these concentration-dependent shifts are systematically 

compiled in Table S2. A similar trend is observed in the C–N stretching region, where 

increasing TU concentration leads to progressive red shifts in the C–N vibration of TU (Figure 

S3). This behavior reflects the electron redistribution across the TU backbone upon metal 

coordination and is consistent with previous reports demonstrating the sensitivity of the C–N 

bond to metal coordination.32
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To further clarify this behavior, binding energy calculations were performed for Ag⁺ and Bi³⁺ 

with TU and DMSO (Figure 2e). The results show that Ag⁺ preferentially binds to TU than to 

DMSO across all coordination numbers considered. In contrast, Bi³⁺ exhibits a coordination-

number-dependent preference: TU coordination is favored at lower coordination numbers (e.g., 

1-3), whereas DMSO binding becomes increasingly favorable at higher coordination numbers 

(e.g., 4-6). It should be noted that although thermal effects at finite temperatures may influence 

the absolute binding strengths, the relative preference between DMSO and TU coordination is 

expected to remain unchanged. These results suggest that the C=S peak shifts observed in the 

Raman spectra with varying TU concentration originate from the dynamic competition between 

TU and DMSO for metal coordination. 

Taken together, the overall coordination equilibria can be represented as follows, illustrating 

the ligand exchange process between DMSO and TU around the Bi³⁺ center:

Bi(DMSO)n + TU ⇌ Bi(DMSO)n−1(TU) + DMSO (1)

Bi(DMSO)6−x(TU)x (x≈2-3) (2)

Equation (1) represents the initial step of the ligand exchange reaction, where one DMSO 

molecule coordinated to the Bi3+ center is substituted by one TU molecule. This equilibrium 

drives the formation of mixed-ligand complexes. Equation (2) describes the final, stable mixed-

ligand complex formed when TU concentration is sufficiently high. Here, Bi3+ typically adopts 

a stable coordination sphere containing a fixed number of TU molecules (where x is typically 

2 to 3) along with the remaining DMSO molecules, resulting in a combination complex. 

Consistent with this coordination behavior, the Bi–S stretching peaks observed in both the 

calculated and experimental Raman spectra (Figure S2c-d) indicate the gradual formation of 

Bi–TU coordination as the TU concentration increases. The Bi–S stretching peaks undergo a 
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red shift, which can be attributed to the progressive weakening of individual Bi–S bonds as TU 

gradually replaces coordinated DMSO molecules. This ligand substitution leads to bond 

lengthening and increased electron donation from multiple TU ligands, resulting in softer Bi–

S interactions. 

Combining Raman spectroscopy with theoretical validation, we conclude that Ag+ 

preferentially coordinates with TU at low TU concentrations in DMSO solvent, while Bi3+ 

primarily favors solvation by DMSO and incorporates TU only at higher TU concentrations. 

This distinction in coordination preference is clearly illustrated by the structural models in 

Figure 2f, which highlight the contrasting ligand environments surrounding each metal center. 

Notably, the transition from a purely DMSO-coordinated Bi³⁺ sphere to a TU-containing 

mixed-ligand complex is accompanied by a pronounced change in the optical appearance of 

the solution. At high TU/M ratios, the solution appears more intensely yellow, consistent with 

the formation of Bi–TU complexes. This color change is likely attributed to coordination-

induced electronic interactions—specifically, electron donation from S atoms in TU to the Bi3+ 

center—which modify the visible-light absorption characteristics of the solution. As shown in 

Figure S4a, the solution containing Bi and TU in DMSO exhibits a distinct yellow coloration, 

which intensifies with increasing TU concentration at a fixed Bi content, indicating enhanced 

Bi–TU coordination. To further utilize this optical transition as a probe for competitive binding, 

we compared the 1TU(Bi) (TU 0.4 M, Bi 0.2 M) solution with the 2TU(Ag+Bi) (TU 0.8 M, 

Ag 0.2 M, Bi 0.2 M) solution in FigureS4b. If TU coordinated indiscriminately to Ag+ and 

Bi3+, the amount of TU bound to Bi3+ in 2TU(Ag+Bi) would be comparable to that in the 

1TU(Bi), given the identical Bi3+ concentration and overall TU/M ratio. Under such conditions, 

both solutions would be expected to exhibit similar yellow color intensity. However, the 

1TU(Bi) solution displays a more pronounced yellow hue than 2TU(Ag+Bi) (Figure S4b). 
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This observation indicates that, in the presence of Ag+, TU preferentially coordinates with Ag+, 

thereby suppressing Bi–TU complexation through competitive binding. 

Figure 2. The nTU(M) notation is defined in the main text. (a-d) Raman spectra of TU solution 

with Ag+ or Bi3+ at nTU(M) conditions (n = 1, 2, 4, 8). The dashed lines and arrows indicate 

the C=S stretching peak positions in the nTU(Ag) and nTU(Bi) conditions. (e) Calculated 

binding energy profile of Ag and Bi cations with TU and DMSO as a function of coordination 

number. (f) Schematic illustration of coordination structures in Ag–Bi–TU–DMSO molecular 

inks with (top) low and (bottom) high TU/M ratios. The color of the solution and the metal-

ligand coordination environment vary depending on the TU concentration.
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Building on these solution-phase insights, we examined how coordination preferences 

influence the morphological and compositional evolution of the resulting AgBiS2 films. 

Energy-dispersive X-ray spectroscopy (EDS) and scanning electron microscopy (SEM) were 

employed to elucidate the composition and microstructure of the AgBiS2 as a function of TU/M 

molar ratios. As shown in Figure 3a, increasing the TU/M molar ratio from 0.5 to 8 leads to a 

gradual shift in the Ag/Bi ratio in the resulting thin films, from Ag-rich to marginally Bi-rich 

composition. This behavior arises from the preferential coordination of Ag+ with TU over Bi3+ 

in DMSO. At low TU/M ratios, Ag+ more readily coordinates with TU compared to Bi3+, 

resulting in dominant Ag–TU complexes, while Bi3+ remains largely coordinated with DMSO 

solvent molecules. As the TU concentration increases, Bi3+ increasingly engages in 

coordination with TU, thereby altering the relative availability of Ag and Bi species during 

film formation and ultimately shifting the film composition.

SEM images of AgBiS2 films with different TU/M ratios reveal that the films predominantly 

exhibit nanorod-like morphologies except at a low TU/M ratio of 0.5 (Figure 3b-f). As the 

TU/M ratio increases, both the diameter and length of the nanorods predominantly increase, 

indicating enhanced anisotropic growth. The growth mechanism underlying these observations, 

as illustrated in Figure 3g, is fundamentally governed by the interplay between thermodynamic 

phase evolution and kinetic growth control. According to previous thermal gravimetric 

analyzer (TGA) analysis, the thermal decomposition temperature of the Ag–TU complex is 

approximately 235 ℃, whereas that of the Bi–TU complex is around 218 ℃.30 Consequently, 

during film formation under annealing at 280 ℃, the Bi–TU complex decomposes before the 

Ag–TU complex, providing the thermodynamic driving force for the earlier release of Bi3+ and 

S species. This early release initiates the pre-nucleation crystallization process, predominantly 

forming the Bi2S3 framework. It should be noted that Bi2S3 is well known to preferentially form 
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one-dimensional nanostructures due to its intrinsically anisotropic crystal structure.42-44 Upon 

continued heating, the Ag–TU complex subsequently decomposes, releasing Ag+ ions that 

diffuse into pre-formed Bi2S3 framework. This sequential process leads to the formation of 

AgBiS2 via a gradual cation incorporation process, resembling a partial cation exchange 

mechanism that ultimately completes the transformation into the ternary phase.43 Importantly, 

the structural integrity during this transformation depends on the physical dimensions of the 

precursor. In this study, the precursor-derived structures exhibit relatively large diameters, 

which are significantly greater than the typical width of the non-equilibrium reaction zone (4~5 

nm) formed during solid-state diffusion.43 This substantial dimensional margin ensures kinetic 

stability by effectively preventing morphological collapse during the transformation, thereby 

enabling the preservation of the nanostructure’s original shape throughout the annealing 

process. In contrast, at a low TU/M ratio (TU/M = 0.5), the diameter of the nanorods becomes 

comparable to or smaller than the reaction zone width, leading to structural instability and 

collapse during film formation and resulting in the formation of non-rod-like morphologies.

This growth behavior is further influenced by the molar ratio of TU/M, which regulates both 

the coordination behavior and diffusion kinetics of Ag+ and Bi3+ species during film formation. 

At low TU/M ratios, the high concentration of Ag–TU complex promotes early and rapid 

diffusion of Ag+ into the initially formed Bi2S3 nanorods. This accelerated Ag+ incorporation 

triggers a premature kinetic phase conversion from Bi2S3 to AgBiS2, which terminates the 

growth process before the templates can fully develop, resulting in the formation of shorter 

nanorods. In contrast, at high TU/M ratios, TU more effectively coordinates with metal cations, 

forming a balanced population of Ag–TU and Bi–TU complexes. This coordination 

environment suppresses premature Ag+ release and allows Bi2S3 nanorods undergo further 

anisotropic growth before Ag+ insertion. Consequently, AgBiS2 forms through gradual cation 
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incorporation along well-developed Bi2S3 templates, resulting in longer nanorods. In addition, 

the increased TU content enhances the solubility and availability of Ag, Bi, and S species in 

the precursor solution, further facilitating the growth through enhanced species transport. 

Overall, the final nanorod dimensions are determined by both the thermodynamic sequence of 

phase formation, directed by precursor decomposition, and the kinetic modulation of diffusion 

rates and structural margins. Although direct in-situ observation of the precursor-to-crystal 

transition remains technically challenging under high-temperature annealing conditions, the 

consistent alignment between our DFT calculations, Raman spectroscopy, and kinetic 

modeling provides a rigorous analytical framework that sufficiently validates the proposed 

mechanism. By systematically linking the initial coordination environment to the final 

nanostructural evolution, we confirm that the observed anisotropic growth is a causative result 

rooted in fundamental chemical principles rather than mere empirical correlation.
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Figure 3. (a) Ag/Bi molar ratio in AgBiS2 thin films as a function of TU/M molar ratio (0.5, 1, 

2, 4, 8) in the precursor solution. (b-f) Surface SEM images of AgBiS2 thin films synthesized 

from various TU/M molar ratios in Ag–Bi–TU–DMSO molecular inks (all films were 

fabricated at 3000rpm with 4 coating cycles). (g) Schematic illustration of the proposed growth 

mechanism of AgBiS2 nanorods. (Dimensions not to scale)
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X-ray diffraction (XRD) pattern was investigated to verify phase formation and lattice 

evolution in AgBiS2 thin films. Figure S5 confirms the formation of phase-pure AgBiS2 across 

all TU/M ratios, while Figure 4a-c reveals a non-monotonic shift in the diffraction peak 

positions under varying TU/M molar ratios. When the TU/M ratio increases from 0.5 to 1, the 

primary diffraction peaks shift toward higher 2θ angles, suggesting a decrease in the lattice 

constant. It is primarily attributed to compositional effects. Considering the difference in ionic 

radii between Ag+ (1.15 Å) and Bi3+ (1.03 Å), the excess incorporation of the larger Ag+ ions 

likely leads to lattice expansion, whereas at higher TU/M ratios, Bi³⁺ substitution results in a 

reduced lattice constant. Such compositional asymmetry at low TU/M gives rise to a difference 

in lattice constants. On the other hand, beyond TU/M =1, the continued shift of the diffraction 

peaks toward lower 2θ angles implies an expansion of the lattice that is no longer explained by 

ionic composition alone. This structural evolution is consistent with morphological changes in 

the nanorods described earlier. At higher TU/M ratios, the formation of sufficient Ag–TU and 

Bi–TU complexes modulates the release kinetics of metal ions, enabling more complete growth 

of the Bi2S3 template before Ag+ incorporation. This results in longer and more fully developed 

AgBiS2 nanorods. Such dimensional growth may promote partial relaxation of residual lattice 

strain. Consistent with this interpretation, Sharma et al. reported that in Ni3TeO6 nanostructures, 

an increase in particle size leads to the reduction of lattice strain, which is reflected by a shift 

of XRD peaks toward lower 2θ angles.45 A similar trend is observed in this study, where the 

size of AgBiS2 nanorods gradually increases with TU/M ratio, reducing grain boundary density 

and alleviating internal lattice strain. 

 The X-ray photoelectron spectroscopy (XPS) data shown in Figure 4d-f further support this 

structural evolution, revealing a distinct non-monotonic trend in core-level binding energies. 

From TU/M = 0.5 to 1, the binding energies of the Ag 3d, Bi 4f, and S 2s core levels exhibit a 
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slight increase. However, from TU/M=1 to 8, all core levels exhibit a simultaneous shift toward 

lower binding energies. This collective behavior can be rationalized by the expansion of the 

lattice, which increases the average interatomic distance and consequently reduces the 

Madelung potential-the cumulative long-range Coulombic interaction felt by core-level 

electrons at their respective lattice sites.46 Since this electrostatic potential is inversely 

proportional to the lattice distance, the overall weakening of these interactions leads to a 

downward shift of the entire core-level energy spectrum. This uniform shift is further 

evidenced by the constant energy difference between the Ag 3d and S 2s peaks (142.40　eV), 

confirming that the shift results from global structural relaxation rather than localized redox 

changes. Such a binding energy shift is consistent with the trend reported by Sharma et al. as 

well,45 where the relief of lattice strain during structural evolution leads to electronic 

stabilization, further supporting the correlation between our observed lattice expansion and the 

downward shift in core-level energies.

Taken together, the XRD (Figure 4a-c) 　 and XPS (Figure 4d-f) 　 analyses reveal that 

morphology-driven strain relaxation, in conjunction with compositional effects, plays a key 

role in governing the structural and electronic properties of AgBiS2 thin films.　At low TU/M 

ratios, excess Ag+ content appears to induce lattice expansion and higher binding energies due 

to ionic size mismatch and compositional imbalance. As the TU/M ratio increases beyond 1, 

the development of longer and more continuous nanorods facilitates partial strain relaxation, 

which is reflected in both lattice expansion and a shift toward lower binding energies. These 

observations highlight the dynamic between precursor chemistry, crystal growth behavior, and 

internal lattice strain 　 factors that may also impact other key properties of the films, as 

discussed in subsequent sections.
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Figure 4. (a-c) XRD patterns and (d-f) XPS spectra demonstrating the influence of different 

TU/M ratios of precursor solution on AgBiS2 thin films (fabricated at 3000rpm with 6 coating 

cycles) deposited on Au/FTO substrates and annealed at 200 °C.

Beyond morphological and structural characterization, we further examine whether the 

molecular precursor chemistry explored in earlier sections governs cation disorder in the final 

AgBiS2 films. The degree of cation disorder is theoretically defined by the order parameter S 

= 2(𝑃𝐴
𝐴 - 0.5), where 𝑃𝐴

𝐴 represents the probability of a cation occupying its designated lattice 

site, with S=1 and S=0 denoting perfectly ordered and fully disordered states, respectively.12 

However, since determining an absolute numerical value for S in experimental thin films is 

inherently challenging due to complex local configurations, the terms ‘order’ and ‘disorder’ in 

this study refer to the relative structural states of the cation arrangement rather than absolute 

quantities. To this end, we adopt a thermodynamic framework based on regular solution theory, 
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which allows us to evaluate the energetic driving force for disorder formation.8 The interaction 

parameter χ is defined as follows:

χ =  z
𝑘𝑇

(2𝜀𝐴𝐵 ― 𝜀𝐴𝐴 ―𝜀𝐵𝐵) (3)

where A refers to the Ag–ligand complex (either Ag–TU or Ag–DMSO) and B refers to the 

Bi–ligand complex (either Bi–TU or Bi–DMSO). The term 𝜀𝐴𝐵 represents the interaction 

energy between the Ag–ligand and Bi–ligand complexes, while 𝜀𝐴𝐴 and 𝜀𝐵𝐵 are the 

interaction energies within the Ag–ligand and Bi–ligand complexes, respectively. Here, z 

denotes the coordination number of the A and B complexes, reflecting the number of nearest-

neighbor interactions considered in the model, while 𝑘 and 𝑇 are Boltzmann’s constant and 

the temperature, respectively. The value of χ quantifies the energetic contrast between Ag–

ligand/Bi–ligand interactions and their respective self-interactions. When the interaction 

energy 𝜀𝐴𝐵 between the Ag–ligand and Bi–ligand complexes is close to the average of 𝜀𝐴𝐴 

and 𝜀𝐵𝐵, the v alue of χ becomes small (χ ≈ 0), thereby favoring a homogeneous, cation-

disordered phase. 

At low TU/M ratios, 6 DMSO primarily coordinates with Bi, while 4 TU coordinates with 

Ag. This results in different coordination environments for Ag and Bi, namely [Ag(TU)4]+ and 

[Bi(DMSO)6]3+ complexes. Owing to the large structural difference between the Ag and Bi 

complexes, the interaction energy 𝜀𝐴𝐵 is expected to deviate significantly from the average of 

𝜀𝐴𝐴 and 𝜀𝐵𝐵. This asymmetry leads to a relatively large value of χ, which directly translates 

to a high enthalpy of mixing (∆𝐻𝑚𝑖𝑥), thus thermodynamically favors cation segregation. At 

high TU/M ratios, TU not only coordinates with Ag, but also substitutes DMSO in the Bi–

DMSO complex to form mixed-ligand complexes (Bi(DMSO)6−x(TU)x (x≈2-3)). Despite this 

ligand substitution, the structural similarity between the resulting Ag+ and Bi3+ ligand 
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complexes remains low, primarily due to substantial differences in coordination number and 

ligand environment. This persistent structural mismatch between the Ag– and Bi–ligand 

complexes imposes a strong thermodynamic penalty on hetero-cation mixing, thereby 

suppressing the formation of a cation-disordered phase in the resulting AgBiS2 films. 

Consequently, the enthalpy-driven cation disorder tuning strategy previously employed by our 

group-which focused on stabilizing the disordered phase by minimizing the enthalpy of 

mixing-is not effective in the present TU–DMSO system. Instead, the intrinsic structural 

incompatibility between the Ag+ and Bi3+ precursor complexes increases the enthalpy penalty, 

thereby destabilizing the disordered state and fundamentally suppressing cation disorder.

Furthermore, the thermodynamic principles established here suggest that the correlation 

between precursor coordination chemistry and cation disorder is not confined to the TU–

DMSO system but serves as a more universal framework governed by the competitive 

coordination of solvents and ligands. For instance, in systems using non-coordinating solvents 

such as pyridine (e.g., the DTC/pyridine system), metal cations are fully coordinated solely by 

ligands. This leads to high structural similarity between the Ag and Bi complexes, thereby 

minimizing the mixing enthalpy and providing a driving force for cation disorder.7 In contrast, 

our findings demonstrate that using a coordinating solvent like DMSO, combined with the 

distinct coordination numbers of Ag and Bi, maintains structural dissimilarity and 

thermodynamically suppresses disorder. These guidelines provide a theoretical foundation for 

predicting and designing cation arrangements in various multicomponent chalcogenide thin 

films by strategically selecting precursor solvents and ligands.

This thermodynamic interpretation is consistent with the XRD and XPS results. In previously 

reported cases of cation disorder in AgBiS2, XRD peaks shift to the higher angles due to lattice 

contraction; similarly, XPS peaks for Ag 3d and Bi 4f typically shift to lower binding 

Page 21 of 38 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

4/
20

26
 1

2:
33

:0
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6TA01212D

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ta01212d


22

energies.12 In contrast, our TU–DMSO system exhibits an opposite XRD trend (Figure 4a-c), 

with diffraction peaks shifting toward lower 2θ angles as the TU/M ratio increases from 1 to 8. 

Consistent with this interpretation, the XPS spectra display a collective and uniform shift of all 

constituent elements–Ag, Bi, and S–to lower binding energies (Figure 4d-f). Such 

synchronized behavior confirms that these changes originate from global strain relaxation 

rather than localized atomic redistribution. Given the bulk-sensitive nature of X-ray diffraction, 

the observed cation disorder suppression and strain relaxation represent the crystallographic 

state of the entire AgBiS2 absorber rather than a localized surface phenomenon. This bulk-

centered structural evolution is particularly significant considering our device architecture 

(AgBiS2/CdS/TiO2/Pt), where the AgBiS2 layer is encapsulated by multiple functional layers. 

Since the absorber is not in direct contact with the electrolyte, its bulk crystallographic 

quality—defined by the relative degree of cation disorder—is expected to be the primary factor 

governing the eventual PEC response, rather than the extreme surface states. Collectively, these 

results demonstrate that structural refinement through strain relaxation, accompanied by 

nanorod growth, dominates the evolution of the AgBiS2 films in the TU–DMSO system. 
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Figure 5. (a) Chopped-light LSV curves of FTO/Au/AgBiS2/TiO2(1 nm)/CdS/TiO2/Pt under 

AM 1.5G simulated sunlight. Measurements were performed in 0.5 M K–Pi buffer (pH 7.02) 

with a scan rate of 10 mV/s in the cathodic direction. The light was chopped at 2s intervals. (b) 

Absorption coefficient and (c) Tauc plot under varying the TU/M ratio. (d-e) Fermi-level–

aligned band diagram of the AgBiS2 photocathode for TU/M=1 (d), TU/M=8 (e). CBM (top) 

and VBM (bottom) energies are referenced to vacuum and obtained from UPS combined with 

optical band gaps. (f-g) XPS depth profile of PEC device fabricated from AgBiS2 film: (f) 

TU/M=1 film (g) TU/M=8 film. (h-i) Cross-sectional SEM images of AgBiS2 photocathode 
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and schematic illustrations of the layer structures: (h) the TU/M=1 film and (i) the TU/M=8 

film. The 1 nm TiO2 interlayer is omitted in the schematic for clarity. The scale bar is 500 nm.

To evaluate the PEC performance, a multilayer photocathode with the configuration of 

FTO/Au/AgBiS2/TiO2 (1 nm)/CdS/TiO2/Pt was fabricated. A detailed device structure, 

including thickness for each layer, can be found in Figure S6. The thickness of the AgBiS2 

layer varies with the precursors. For systematic comparison, AgBiS2 films prepared at TU/M 

= 1 and 8 were selected, as these conditions exhibit the most distinct differences in 

nanostructural dimensions and lattice parameters. To ensure optimized interfacial charge 

extraction, a 1 nm-thick TiO2 passivation layer (15 ALD cycles) was deposited, followed by a 

UV-ozone treatment to improve surface hydrophilicity for the subsequent CdS buffer layer 

growth (CBD at 56.5 °C for 11.5 min). The electron transport layer and co-catalyst were then 

integrated via 750 cycles of TiO2 ALD and Pt ion-sputtering (10 mA, 60 s), respectively. These 

specific deposition parameters were precisely controlled to achieve high structural 

reproducibility and efficient PEC performance. The optimization process for the AgBiS2 

deposition conditions and the TiO2 electron transport layer (ETL) thickness is shown in Figure 

S7 and Figure S8. Detailed experimental procedures are provided in the Experimental Section. 

The PEC performance was evaluated by linear sweep voltammetry (LSV) measurements 

conducted in a three-electrode configuration under simulated AM 1.5G solar illumination, 

using a K–Pi buffer solution at neutral pH as the electrolyte. To ensure the measured 

photocurrents represent the intrinsic PEC response of the photocathodes, all measurements 

were conducted after N2 purging to eliminate the effects of dissolved oxygen, the impact of 

which is shown in Figure S9. The introduction of an ultrathin (1 nm) TiO2 interlayer between 
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AgBiS2 and CdS proved to be critical for enhancing the overall PEC performance.7 Acting as 

both a chemical and physical passivation layer, this TiO2 film facilitates efficient electron 

tunneling from AgBiS2 to CdS, thereby suppressing interfacial charge recombination and 

promoting effective charge separation.47 This type of interface engineering is a well-established 

approach for suppressing surface-state-mediated losses and enhancing the contribution of bulk 

properties to the overall device performance.48,49 This passivation effect also prevents Cd 

interdiffusion into the AgBiS2 layer during the CBD of CdS, preserving the compositional and 

structural integrity of the photoabsorber. By simultaneously blocking defect-mediated 

recombination and maintaining a clean, energetically favorable interface for electron transfer, 

the TiO2 interlayer contributes significantly to both improved photocurrent response and long-

term operational stability of the photocathode. 

Figure 5a shows the LSV results of the photocathodes prepared using different AgBiS2 films 

with different TU/M ratios. At 0 V versus the reversible hydrogen electrode (RHE), the TU/M 

= 8 photocathode exhibited a photocurrent density of approximately 1 mA cm–2, nearly 1.25 

times higher than that of the TU/M = 1 counterpart (0.8 mA cm–2). In addition, a noticeable 

decrease in dark current was observed, indicating suppressed interfacial recombination and 

more efficient charge extraction under illumination. This enhancement suggests that the change 

in precursor chemistry and the resulting modification of the AgBiS2 film structure strongly 

influenced the PEC activity. To elucidate the origin of this improved performance, the optical 

and electronic properties of the two films were further investigated. Figure 5b and c show the 

optical properties of AgBiS2 films prepared with different TU/M ratios. Tauc analysis based 

on the Kubelka-Munk function (Figure 5c) reveals a clear widening of the optical bandgap 

from 1.12 eV (TU/M = 1) to 1.18 eV (TU/M = 8). Band alignment analysis (Figure S10) 

indicates that this bandgap widening originates from an upward shift of the conduction band 
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minimum (CBM), while the valence band maximum (VBM) remains nearly unchanged. This 

behavior is consistent with the XPS results, where a systematic downward shift of the Bi 4f 

binding energy is observed at higher TU/M ratios. According to Ju et al., the CBM is 

dominantly contributed by Bi 6p orbitals, and this shift suggests a reconfiguration of these 

orbitals as the Bi–S framework evolves.50 In contrast, while downward shifts are also observed 

in the Ag 3d and S 2s core levels, they result in a negligible net influence on the VBM. This 

suggests that the Ag–S hybridization, which forms the VBM, provides a relatively stable 

electronic baseline that resists significant energy shifts. Beyond electronic effects, structural 

evolution plays a key role in the observed bandgap widening. Increasing the TU/M ratio 

promotes the formation of more extended Bi–S frameworks, which serve as the initial structural 

template for nanorod growth. The subsequent Ag insertion into this expanded framework leads 

to larger grain sizes and reduced lattice distortion. This structural refinement modifies the local 

crystal field and dictates the upward shift of the Bi 6p-derived CBM, while the Ag-S based 

VBM is pinned by the stable coordination environment. Together, the expansion of the Bi–S 

framework and subsequent strain relaxation provide a structural origin for the bandgap increase 

observed in both optical and electronic analyses.

While AgBiS2 is generally valued for its intrinsically narrow bandgap, which enables long-

range solar absorption, the moderate bandgap widening observed in the TU/M = 8 film provides 

a distinct interfacial advantage. The work function was determined by subtracting the 

secondary electron cutoff (SECO) value from the photon energy (He I, hν = 21.22 eV), while 

the VBM was obtained through linear extrapolation of the Fermi edge (Figure S11). As shown 

in Figure 5d-e, this potential-induced electronic restructuring causes an upward shift of the 

CBM, resulting in a more favorable alignment with the CdS and TiO2 layers. Although a wider 

bandgap may slightly reduce light absorption, the resulting higher CBM position enhances the 
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driving force for electron injection and suppresses interfacial recombination. Furthermore, the 

smaller conduction band cliff between AgBiS2 and CdS under the TU/M = 8 condition allows 

the ultrathin TiO2 interlayer to function more effectively as an electronic bridge. With its 

conduction band edge located between those of AgBiS2 and CdS, TiO2 mitigates the residual 

energy discontinuity and facilitates smooth electron tunneling across the junction. This 

energetically moderate interface contributes to efficient charge extraction and improved PEC 

performance. 

Building on the favorable band alignment discussed above, XPS depth profiling (Figure 5f–

g and Figure S12) provides further insight into the interfacial structure and chemical 

uniformity of the photocathodes. While band alignment defines the energetic driving force for 

charge transport, the depth profiles reveal how effectively these pathways are physically 

connected across the multilayer architecture. Both samples exhibit the expected 

AgBiS2/CdS/TiO2 configuration; however, the TU/M = 8 film shows more gradually varying 

elemental distributions across the interfaces, indicative of conformal CdS and TiO2 coatings 

on the AgBiS2 nanorods. This extended interfacial overlap implies a larger and more 

continuous contact area, which is beneficial for efficient charge extraction and suppression of 

interfacial recombination.

The morphological origin of these interfacial characteristics is further confirmed by cross-

sectional SEM images (Figure 5h-i), which clearly reveal the well-developed AgBiS2 nanorod 

architecture formed at high TU/M ratios. Beyond improving interfacial conformity and layer 

uniformity, this nanorod network promotes grain growth, thereby reducing grain-boundary 

density and associated trap states that typically facilitate non-radiative recombination. 

Consequently, improved carrier separation and transport are achieved. Furthermore, while PEC 

performance is inherently sensitive to surface states, the AgBiS2 absorber in our configuration 
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is fully encapsulated by multiple protective layers and does not come into direct contact with 

the electrolyte. Consequently, the overall PEC response is primarily governed by the physical 

state of the bulk film rather than the extreme surface conditions of the absorber. Overall, the 

enhanced PEC performance of the TU/M = 8 photocathode arises from the synergistic effects 

of optimized band alignment, coherent interfacial structure, and refined nanostructural 

morphology, all enabled through precursor-controlled compositional and structural 

engineering. It should be noted, however, regarding the stability of the AgBiS2 photocathode, 

we observed a performance decline during initial operation, which can be attributed to several 

complex pathways common in metal chalcogenide systems. The degradation of PEC devices 

typically involves chemical leaching of elements, photocorrosion, interface charge 

accumulation, and physical delamination.53 Given the complexity of these interrelated 

factors—especially within a multi-layered interface—a precise real-time decoupling of each 

degradation mode presents a significant experimental challenge. We expect that future studies 

focusing on advanced interfacial passivation and robust protective layer engineering will 

address these stability challenges. Moreover, considering that the application of AgBiS2 in PEC 

water splitting is in its nascent stage, with the initial benchmark reported only recently, our 

findings reflect the early-stage characteristics of this material system.7 While the current 

photocurrent density and stability have not yet reached the levels of state-of-the-art 

chalcogenides such as CIGS or Sb2Se3, this is primarily due to the extremely short research 

history of AgBiS2. In this regard, we anticipate that our fundamental investigation into the 

precursor chemistry will provide a key technical foundation for optimizing AgBiS2-based PEC 

systems. 
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Conclusion

In this study, we elucidated the relationship between the coordination chemistry of metal 

cations, ligands (TU), and solvent (DMSO) for the morphology and cation disorder in the final 

AgBiS2 thin films. We found that the TU–DMSO precursor system is characterized by a strong, 

inherent structural mismatch between the Ag+ and Bi3+ complexes, specifically a large 

difference in coordination number and ligand environment. This asymmetry imposes a 

significant thermodynamic barrier, fundamentally suppressing the formation of a cation-

disordered phase in the final AgBiS2 films. Instead, precursor chemistry emerged as a powerful 

tool for morphology engineering. Systematically increasing the TU/M molar ratio from 1 to 8 

facilitated the growth of longer and larger AgBiS2 nanorods. This morphological evolution, 

driven by the modulated release kinetics of Ag+ and Bi3+ ions, was shown to be the dominant 

mechanism controlling the structural properties. XRD and XPS analyses confirmed that the 

observed structural and electronic shifts were consistent with lattice strain relaxation and the 

resulting reduction in Madelung potential associated with nanorod growth. The potential-

induced electronic restructuring resulted in an upward shift of the CBM, creating a more 

favorable band alignment with the CdS and TiO2 interlayers. The TU/M=8 photocathode, 

featuring optimized nanorod morphology and electronic structure, exhibited a significantly 

enhanced photocurrent density. Overall, this work establishes that, in TU–DMSO-based 

AgBiS2 systems, morphology engineering through rational precursor chemistry design 

represents the primary strategy for optimizing film structure and PEC performance. The 

molecular-level insights presented here provide a general framework for designing scalable, 

solution-processed chalcogenide thin films with controlled nanostructure and enhanced device 

functionality.
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Experimental Section

Materials

All chemicals were used as received, without additional purifications. Silver chloride powder 

(AgCl, 99.999%; Sigma-Aldrich), Bismuth (III) chloride powder (BiCl3, 99.99%; Sigma-

Aldrich), TU (CH4N2S, 99.0%; Sigma-Aldrich), DMSO (C2H6OS, 99.7%; Duksan).

Preparation of Ag-Bi-TU-DMSO molecular inks

DMSO solvent was used to dissolve silver chloride, bismuth chloride, and TU to maintain a 

certain metal to TU molar ratio (1: 0.5, 1, 2, 4, 8) in a N2-filled glove box at a metal 

concentration of 0.2 M for both Ag and Bi solutions. The solutions were stirred for 6 hours, 

and the fully dissolved solutions are transparent (low TU/M) or yellowish orange (high TU/M).

Fabrication of Au-coated FTO Substrates

FTO (TEC 8)-coated substrates were cleaned by sequential sonication with acetone and 

isopropanol for 15 min each. This was followed by a UV-ozone treatment for 20 min. After 

cleaning, Au (3 mm Dia × 3 mm Th pellets 4N, iTASCO, Korea) were deposited on cleaned 

FTO substrates using a thermal evaporator (DDHTSP011, DAEDONG HIGH 

TECHNOLOGIES, Korea), producing a Au layer of 70 nm. The resulting gold-coated 

substrates were used in subsequent experiments.

Fabrication of AgBiS2 thin film

Au-coated FTO Substrates were cleaned via sequential sonication with ethanol, isopropanol 

(IPA) for 1min each, followed by UV-ozone treatment for 40 min. The fabrication and 

annealing of the AgBiS2 thin film were conducted in a N2-filled glove box. The prepared inks 

were spin-coated onto the cleaned substrates at various speeds (typically 5000 rpm, adjusted to 
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achieve specific target thicknesses) for 30 s. This process was repeated several times (e.g., four 

cycles) to achieve the target thickness and morphology. Any specific deviations from these 

typical parameters (RPM or number of cycles) for individual datasets are specified in the 

corresponding figure captions. The deposited films were pre-annealed at 200 °C for 5 min after 

each step, followed by a final post-annealing at 280 °C for 20 min. 

Fabrication of AgBiS2 photocathode

CdS layers were deposited via chemical bath deposition (CBD) by immersing samples in a bath 

solution of cadmium sulfate (CdSO4, 99%, Sigma–Aldrich), thiourea (99%, Sigma–Aldrich), 

deionized water, and ammonium solution (NH4OH, 25-30wt%. Duksan, Korea) for 11 min and 

30 s at 56.5 °C. Samples were then rinsed using deionized water. TiO2 layers were deposited 

via customized atomic layer deposition (ALD) using tetrakis(dimethylamino) titanium 

(TDMAT, Easychem, Korea) and deionized water (H2O) as the Ti and O sources, respectively. 

TiO2 layer was deposited for 750 cycles at 120 °C. An ion sputter coater (G20 ion sputter coater, 

GSEM, Korea) was used to deposit the Pt co-catalyst for 60 s at a current of 10 mA. For samples 

incorporating the TiO2 interlayer, a layer with a nominal thickness of 1 nm (corresponding to 

15 ALD cycles) was deposited prior to CdS deposition. Subsequently, the surface was rendered 

hydrophilic by UV-ozone treatment for 20 min.

Material characterizations

Raman spectra were recorded using a confocal Raman spectrometer (XperRAM 200, 

NanoBase, Korea) with a 532 nm excitation laser. Surface morphologies and cross-sectional 

profiles were analyzed using field-emission scanning electron microscopy (FESEM, JSM-

IT800, JEOL Ltd., Japan). Phase identification and evaluation of cation disorder were 

conducted by high-resolution XRD (Smartlab, Rigaku, Japan) using Cu-Kα radiation 
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(λ = 0.15406 nm). Surface chemical analyses and depth profiles were obtained using XPS 

(ESCALAB 250Xi, Thermo Scientific, UK). Absorption coefficients were measured using a 

UV-Vis spectrophotometer (UV-3600i Plus, Shimadzu, Japan). Band structure analyses were 

performed using ultraviolet photoelectron spectroscopy (NEXSA G2, Thermo Fisher 

Scientific, USA). 

AgBiS2 Photocathode Performance Evaluation

PEC measurements were performed with conventional three-electrode configurations using a 

potentiostat (PP211, Zahner, Germany) in a 0.5 M K-Pi buffer (pH=7.02) solution electrolyte. 

An Ag/AgCl (sat. KCl) and a coiled Pt coil were used as the reference and counter electrodes, 

respectively. The scan rate of the J–V curves was 10 mV s–1. Sunlight simulations and 1-sun 

calibrations were conducted using a commercial AM 1.5 G solar simulator (LH300, Newport 

Corporation, USA). Photocurrent density was calculated by dividing the photocurrent by the 

measured active area of each device. For all PEC measurements, the applied potentials were 

converted to RHE values using the following equation: ERHE = EAg/AgCl + 0.05916 pH + 0.197. 

IPCE measurements were performed using an electrochemical workstation (Zennium, Zahner, 

Germany) and a potentiostat (PP211, Zahner, Germany) with a monochromatic light source 

(TLS03, Zahner, Germany).

Computational details

All calculations were performed using the Gaussian 09 software package.51 Geometry 

optimization of the ground state and vibrational frequency calculations for Raman 

spectroscopic analysis were performed at the HF/SDD level of theory, and the energy minima 

were confirmed by calculations using the zero imaginary modes of vibrations. The binding 

energy (Eb) between DMSO/TU and Ag+/Bi3+ was calculated from the ground state energies, 

Page 33 of 38 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

4/
20

26
 1

2:
33

:0
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6TA01212D

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ta01212d


34

Eb = (Ecomplex–Eion–n*ETU or DMSO)/m, where Ecomplex is the total energy of the DMSO–Ag+, TU–

Ag+, DMSO–Bi3+ or TU–Bi3+ complex; Eion and EDMSO or TU denote the energies of the ions 

(Ag+ or Bi3+) and DMSO or TU, respectively; and n and m are the number of DMSO (or TU) 

molecules and total number of atoms, respectively. All calculations were performed in DMSO 

using a polarizable continuum model.52
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