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ABSTRACT 
Prussian blue (PB) is a promising low-cost cathode material for sodium-ion batteries (SIBs), but the impact of crystal water on performance degradation remains unclear. This study explores how PB’s crystal water interacts with different electrolyte salts—NaClO4 and NaTFSI—affecting solvation structure and interfacial stability. Based on the Hofmeister series, we demonstrate that the strong hydration of ClO4– sustains water reactivity, promoting Fe oxidation and solvent decomposition at high voltages. In contrast, the weakly hydrated TFSI– suppresses water-induced side reactions and facilitates the formation of stable interphases on both cathode and anode. Electrochemical analysis at 4.0 V and 4.2 V revealed that NaTFSI consistently improves reversibility, particularly at 4.2 V, achieving 77.1% capacity retention over 500 cycles—56.8% for NaClO4. The results highlight the crucial role of electrolyte-dependent water coordination in determining PB electrode stability, offering valuable insights for designing electrolytes and interphases for long-life PB-based SIBs.
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Owing to natural abundance and low cost of sodium (Na), sodium-ion batteries (SIBs) are gaining attention as a cost-effective and sustainable alternative to lithium-ion batteries (LIBs). 1 To maximize this economic advantage, low-cost cathode materials are essential, making Prussian blue (PB) and Prussian blue analogues (PBAs) promising candidates. Composed mainly of inexpensive iron (Fe) and featuring an open framework structure that facilitates rapid Na+ diffusion, PB/PBAs address the challenge of sluggish ion transport caused by large ionic radius of Na+.2 In particular PB, with Fe occupying all transition metal (TM) sites, offers a high theoretical capacity (170 mA h g−1), comparable to commercial LIB cathodes like LiFePO4, 3 and is currently being developed for use in practical cell configurations within the industry. 4
Despite these advantages, PB/PBAs have inherent limitations that hinder their full commercialization. A main problem is incorporation of crystal water during synthetic process. 5-7 This crystal water can be released during Na+ (de)insertion, causing structural degradation and side reactions with surrounding organic electrolytes or surface TMs. 8 To address these issues, strategies such as use of chelating/reducing agents, 9-12 surface and morphology control, 13-15 heat treatment16, 17 have been explored to reduce crystal water content. While most efforts have focused on the material-level optimization, recent studies also emphasize the importance of electrolyte design, particularly in forming a stable cathode-electrolyte interphase (CEI) layer. 18 Nonetheless, the interactions between crystal water and electrolytes, and their impact on cell performance, remain insufficiently understood.
[bookmark: _Hlk175680220]In this study, we investigated the effect of electrolyte anions on PB electrodes, focusing on their interaction with crystal water―a factor often overlooked in previous electrolyte design studies. Replacing NaClO4 with NaTFSI significantly enhanced the cycling performance of PB electrodes, even under high voltage conditions where crystal water is typically released from the structure. Based on Hofmeister series, which ranks ions based on their ability to influence the structure and behavior of water molecules, we attribute this improvement to the chaotropic nature of TFSI−, which weakens hydrogen bonding between water molecules. That is, it can reduce the reactivity of released water and suppress side reactions at the electrode surface. These findings highlight the critical role of anion selection in electrolyte design, particularly in managing water-related degradation in PB-based SIBs. 
Electrochemical performance of PB||Na cell with different electrolytes
To evaluate the anion effects on PB cells, galvanostatic charge/discharge (GCD) test was conducted with C-rate of 1 C after 2 cycles of 0.1 C activation cycles. Since PBs are known to release crystal water at high voltage above 4.0 V, 19, 20 the charge cut-off voltage was adjusted to 4.0 V or 4.2 V to compare the cycle performance with and without crystal water release (Figure 1a). During 200 cycles, both electrolytes exhibited comparable cycle performance when cut-off voltage was set to 4.0 V. However, when voltage range is expanded to 4.2 V, NaTFSI demonstrated better cycle stability compared to NaClO4. This can be attributed to the decomposition of crystal water at high voltage and undesirable side reaction with surrounding organic electrolytes. 20 As a result, PB cells cycled to 4.0 V using NaTFSI electrolyte (NaTFSI-4.0V) showed the best cycle performance with a capacity retention of 90.6% for 500 cycles, followed by NaTFSI-4.2V (77.1%), NaClO4-4.0V (74.3%), and NaClO4-4.2V (56.8%). It is interesting that NaTFSI-4.2V showed higher capacity retention than NaClO4-4.0V in which water decomposition reaction is suppressed. This implies that NaTFSI salt can effectively suppress the crystal water-induced cell degradation.
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Figure 1. (a) Cycle performance of PB with different electrolytes according to the charge cut-off voltage. (b−e) differential capacity analysis curves of PB cells at 1 C (after activation cycles): (b) NaClO4-4.0V, (c) NaTFSI-4.0V, (d) NaClO4-4.2V, and (e) NaTFSI-4.2V. 

To further explore the cycle degradation mechanism, differential capacity (dQ/dV) analysis was conducted, revealing distinct redox behavior associated with spin state of Fe and Na+ storage sites (e.g. 8c, 24d, 32f, etc.) (Figures 1b–e). 21-23 Interestingly, depending on the cut-off voltage, PB exhibits notably different dQ/dV profiles. Analysis of the first cycle at 0.1 C reveals that presence of a redox reaction near 4.0 V during the initial charging step significantly influences the redox behavior in subsequent cycles (Figures S1a–b). At 1 C with 4.0 V cut-off condition, the intensity and number of redox peaks above 3.2 V decreased compared to those of 4.2 V cut-off. This suggests that residual water confined within the PB lattice blocks additional sodium storage sites. 23 At 4.2 V cut-off, a water oxidation peak appeared near 4.0 V―at 4.02 V in NaClO4 and 4.08 V in NaTFSI―indicating that TFSI– suppresses water oxidation by requiring higher oxidation energy. This observation is consistent with the longer 4.0 V plateau at 0.1 C activation cycle, and more obvious dQ/dV peak in NaClO4 during following cycles (Figures 1d–e, S1c). 
Over extended cycling, NaClO4-4.2V exhibited a shift and reduction in high-spin and low-spin Fe (FeHS and FeLS) redox peaks, reflecting loss of electrochemical activity and structural degradation. In the case of NaTFSI-4.2V, both FeHS and FeLS redox peaks remained active throughout the cycling process. Notably, the FeHS peak maintained a consistent position and intensity. This indicates stable redox reactions, which correlates with a lower rate of average discharge voltage decay, and thus contributes to maintaining the energy density over prolonged cycles (Figure S1d). 24 This difference is attributed to the varying degree of interaction between water molecules and the anions in each electrolyte, which will be discussed in detail in a later section.
Anion effects on hydration structure and following behavior of crystal water
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Figure 2. (a) Nyquist plot of NaClO4 and NaTFSI-based electrolytes. (b) FTIR spectra of blank solvent (details in Experimental Section), NaClO4 and NaTFSI-based electrolytes. (c) NMR spectra of NaClO4 and NaTFSI-based electrolytes. (d) Scheme of anion effect on hydrogen bonding (HB) structure. (e) FTIR spectra of NaClO4 and NaTFSI-based electrolytes with DI water. (f) TGA curves of pristine and first charged PB electrode.

To elucidate the impact of the two anions on PB electrode, we investigated their coordination structure. According to Li et al., TFSI– anion exhibits both a lower donor number and weaker binding energy with Na+ compared to those of ClO4−, due to its larger size and delocalized electron cloud, which reduce charge density and cation interaction. 25, 26 Despite this steric hindrance, NaTFSI electrolyte maintains high ionic conductivity (8.7 mS cm–1) comparable to NaClO4 (10.3 mS cm–1), thanks to its high ion dissociation (Figure 2a). 27, 28
Fourier-transform infrared (FTIR) spectral analysis showed that the C=O (carbonyl) stretching peaks in the solvent shift more in the NaTFSI electrolyte, indicating stronger Na+–solvent interaction due to the weak binding nature of TFSI– (Figures 2b, S2). This interaction can suppress solvent decomposition (e.g. EC ring-opening triggered by Fe and water), potentially leading to a thinner CEI layer. 8 Complementary 1H nuclear magnetic resonance (NMR) analysis confirmed this behavior: the chemical shifts of EC and DMC solvents in the NaTFSI electrolyte appear at lower ppm values than in NaClO4, reflecting increased electron shielding (Figure 2c). This shift is attributed to the TFSI– anion’s weaker binding with Na+, resulting in stronger Na+–carbonyl coordination. These results support that the weaker Na+–anion interaction in NaTFSI promotes favorable Na+–solvent coordination, potentially contributing to formation of stable interphases in PB cells.
Meanwhile, the interaction between electrolyte anion and water significantly influences the hydration structure of Na+, thereby affecting the behavior of water released from PB during cycling. It is known that ions of small size and high charge density tend to strongly bind to water molecules, restricting water mobility. 29 In this case, since TFSI− is bulkier and has a lower surface charge density than ClO4−, it interacts more weakly with surrounding water molecules, allowing for a more dynamic environment where water molecules diffuse more freely (Figure 2d). FTIR spectra of water-containing electrolytes show a blueshift in the OH stretching peak for NaClO4, indicating stronger hydrogen bonding interactions (Figure 2e). 
The strong hydrogen bonding enhances water polarity, which in turn increases their chemical reactivity, increasing the probability of side reactions with the organic electrolyte. This was further supported by thermogravimetric analysis (TGA) analysis of PB electrode after first charging (Figure 2f). At 250 oC, where all crystal water is fully released, there was greater weight loss in NaTFSI (3.88%) than in NaClO4 (3.19%). Considering that the pristine electrode initially contained 9.12% water, approximately 65.0% and 57.5% of the structural water was released in the NaClO4 and NaTFSI systems, respectively. These findings align with the GCD profiles shown in Figure S1, suggesting that water decomposition is more pronounced in the NaClO4-based electrolyte systems. Meanwhile, PB electrode charged only to 4.0 V did not exhibit a decrease in water content, and even showed a slight increase (9.59%), likely due to surface-adsorbed water during sample preparation (Figure S3). 
1H NMR analysis on cycled electrolyte further supported the TGA results (Figure S4). In NaClO4, water strongly binds to Na+, blocking its interaction with DMC, while in NaTFSI, weaker hydration allows more Na+–DMC interaction. Taken together with the principles of the Hofmeister series, these results imply that the strong hydration effect of water in the NaClO4 system is likely to sustain its reactivity at the interface, potentially accelerating water-related side reactions.
Anion effects on formation and composition of interphase on electrodes in PB||Na cell
It is generally known that water released from PB reacts with the surrounding organic electrolyte or the metal ions of PB to form a passivation layer. Therefore, the reactivity of water is greatly related to the formation and thickness of CEI layer. As addressed above, water molecules in the NaClO4 system are reactive, so they are likely to re-enter the PB or react with PB to form byproducts. Time-of-flight secondary ion mass spectrometry (ToF-SIMS) analysis showed higher FeO- and OH-ion levels within the PB cycled in NaClO4-based electrolytes, indicating more water-related reactions (Figures 3a−b). Transmission electron microscopy (TEM) and selected area electron diffraction (SAED) analyses after 50 cycles revealed that while both systems formed a CEI layer, the NaTFSI-derived layer was thin (~10 nm) and uniform, whereas the NaClO4-derived layer was much thicker (~100−150 nm) and rough, implying continuous side reactions during cycling (Figures 3c−d). This tendency aligns with ex-situ SEM analysis after 50th and 400th cycles, where the PB electrode cycled with the NaClO4 electrolyte exhibited numerous byproduct particles on its surface, whereas the electrode cycled with the NaTFSI electrolyte maintained a relatively clean surface (Figures 3e, S5). This disparity can be found in the electrochemical impedance spectroscopy (EIS) Nyquist plots. Similar high-frequency semicircles after the first cycle suggest comparable charge transfer resistance, but the larger difference after 50 cycles reflects the difference in CEI layer thickness (Figure 3f).
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Figure 3. (a−b) ToF-SIMS analysis of cycled PB according to targeted ions: (a) FeO− and (b) OH−. (c−d) TEM and SAED images of CEI layer on cycled PB particles in (c) NaTFSI- and (d) NaClO4-based system. The PB electrodes in Figures a−d were cycled for 50 cycles. (e) SEM top-view images of PB electrodes after 400th cycle in different electrolytes. (f) EIS Nyquist plots of PB||Na cells after 1st charge and 50th cycle.

The structural evolution of PB and the chemical composition of the CEI layer significantly affect interfacial stability and long-term cycling performance. Ex-situ X-ray photoelectron spectroscopy (XPS) analysis after 50 cycles revealed the presence of organic CEI components on both electrodes, primarily derived from EC ring-opening reactions triggered by water and Fe species (Figure 4a). 8 Despite shared solvent system, the PB cycled in NaTFSI showed a stronger −CO3 peak, suggesting more stable inorganic CEI species like RNaCO3 or Na2CO3. 30-32 O 1s spectra further showed more adsorbed water peak at 535.9 eV in the NaClO4-based system, likely due to the strong hydrogen bonding network facilitated by the hydrophilic ClO4− anion (Figure 4b). 33 Additionally, Fe−OH and Fe−O species were more pronounced in NaClO4, indicating the formation of Fe-based byproducts due to the reaction between water and surface Fe. 34, 35 In contrast, weaker water interactions in NaTFSI system reduced water reactivity and accumulation of Fe species.
F 1s and S 2p spectra further revealed distinct differences between the two systems. In the F 1s spectra, NaF is the dominant species for NaClO4, while a variety of bonding states including C−F, S−F, and Fe−F are observed for NaTFSI (Figure 4c). Notably, the C−F bond derived from the PVdF binder was only detected in the NaTFSI-cycled PB electrode, implying that the CEI layer formed in NaClO4 is significantly thicker, likely masking the PVdF signal. 36 The S 2p spectra for NaTFSI suggest the presence of decomposition products such as −SO2F, −SO3Na, and Na2SO4 (Figure 4d). The inclusion of these sulfur-based species may contribute to the formation of a robust and chemically stable CEI layer. 18, 37, 38
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Figure 4. (a−d) XPS spectra of PB electrode after 50 cycles at different electrolyte: (a) C 1s, (b) O 1s, (c) F 1s, and (d) S 2p. (e−f) Schematics of formed CEI layer and its composition at (e) NaClO4- and (f) NaTFSI-based system.

Taken together, these results indicate that NaClO4 induces the formation of a thick and irregular CEI layer dominated by Fe-based compounds due to persistent water-mediated reactions (Figure 4e). In contrast, NaTFSI forms a thin, uniform, and inorganic-rich interphase (Figure 4f), which aligns well with ex-situ TEM and EIS findings in Figure 3. This suggests that the CEI layer derived from NaTFSI effectively stabilized the electrode surface without significantly increasing the overpotential of cell, providing a more favorable electrochemical interface.
Furthermore, the intrinsic anionic characteristics of the sodium salt influence both the reversibility of Na electrode and the solid electrolyte interphase (SEI) composition. SEM images of Na electrodes, which employed the PB electrodes as its counter electrode, showed distinct differences depending on the salt anion. The SEM image of the Na electrode with PB electrode in the NaClO4 system revealed that Na deposition was induced un-uniformly, appearing as sharp-edged particles (Figure S6a). In contrast, the SEM image of Na electrode with PB electrode in the NaTFSI system exhibited a more rounded morphology of Na deposition (Figure S6b). These findings imply that the NaTFSI electrolyte effectively promotes a uniform Na+ flux, which could enhance the reversibility of the Na electrode. 39 More detailed information on anion effects to Na electrode and reversibility depending on sodium salts were provided in Supporting Information (Figures S7−S15).
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Scheme 1. Schematic of different behavior of crystal water released from PB in NaClO4- (left) and NaTFSI- (right) based system.

Scheme 1 illustrates the different behavior of crystal water released from PB and two Na salts―NaClO4 and NaTFSI―in PB||Na full cells. The ClO4− anion, derived from NaClO4, reinforces hydrogen bonding among water molecules, maintaining high water reactivity. This promotes the formation of byproducts with surrounding components such as organic solvents or TMs, especially at the electrode surface. Additionally, these reactive water molecules tend to coordinate with Na+, facilitating their migration toward the electrode surface during cycling. As a result, a thick and heterogeneous CEI layer continuously accumulates on the PB electrode. In contrast, NaTFSI weakens hydrogen bonding networks and suppresses the reactivity of water, leading to the formation of a thin and conformal CEI layer that stabilizes the PB structure over extended cycling. Moreover, NaTFSI is also exposed to contribute to the stabilization of the sodium metal anode by forming a robust SEI layer, offering further benefits for Na metal cell configurations.
In summary, this study highlights how electrolyte salt influences the interfacial behavior of PB cathodes in SIBs, particularily through interactions with crystal water. Spectroscopic analyses based on the Hofmeister series revealed that ClO4− promotes strong hydrogen bonding and water coordination with Na+, leading to more water oxidation, while TFSI− weakens these interactions, allowing higher water mobility. TGA confirmed more extensive water release in NaClO4 systems under high voltage. These differences directly impact CEI formation: NaClO4 system leads to a thick, Fe-rich CEI layer due to persistent side reactions, whereas NaTFSI forms a thinner, more conformal CEI layer enriched with S- and F-containing species. Overall, NaTFSI effectively suppresses water-induced degradation pathways in PB cathodes by altering coordination structure, thereby enhancing long-term cycling performance. These findings highlight the importance of anion selection in electrolyte design for ensuring cycle stability of moisture-sensitive cathode materials in SIBs and offer strategic guidance for the future development of PB-based SIB systems.
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