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Abstract: Prussian blue (PB) cathodes are plagued by subpar rate capability and inadequate
cycling performance, which stem from their low electronic conductivity and side reactions
with the electrolyte. Carbon coating represents an effective solution to this issue.
Nevertheless, it cannot fully encapsulate cathode materials. In this study, we synthesize
carbon sol using starch as a precursor and successfully encapsulate the carbon on the
surface of PB to form PB@C through the liquid phase method at low temperature. The
carbon coating can effectively prevent PB from being corroded by the electrolyte during the
cycling process and accelerate the transfer of electrons. The PB@C cathode demonstrates a
significant capacity of 169 mAh g at a low rate of 0.1C, approaching its theoretical
specific capacity, and it is capable of retaining a capacity of 85 mAh g even at a high rate
of 30C. The material demonstrates impressive high-rate cycling performance, maintaining a
capacity of 70 mAh g! and achieving a capacity retention rate of 76.7% after undergoing
1000 cycles at a rate of 20C. This outstanding rate capability and cycling stability are
ascribed to the carbon coating layer, which can boost the electron transfer among materials,
enhances the diffusion coefficient for sodium ions, and improves structural integrity. These
outcomes imply that the PB@C material holds exceptional promise as a cathode for
sodium—ion batterie.

1. Introduction

For three decades, advancements in lithium-ion batteries (LIBs) have successfully tackled energy
scarcity issues and emerged as a key solution for energy storage, becoming an integral part of our
everyday lives[1, 2]. Nevertheless, the high costs associated with lithium batteries and the uneven
availability of lithium resources make it essential to investigate alternative battery technologies[3,
4]. Compared with LIBs, sodium-ion batteries (SIBs) exhibit superior safety, abundant availability,
and lower costs, thereby demonstrating remarkable suitability as large-scale energy storage
technology [5, 6]. Through relentless research endeavors, scientists have pinpointed several
dependable cathode materials, including Prussian blue (PB), layered oxides, and poly-anion
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compounds [7, 8]. PB emerges as a highly noteworthy material, garnering heightened interest owing
to its exceptional theoretical specific capacity, surpassing that of conventional transition metal
oxides and polyanion compounds. Furthermore, PB stands out for its inherent rigidity within an
open framework, cost-effectiveness, and non-toxic properties [9, 10]. However, for PB cathodes, to
enhance the rate performance and cycling performance of PB, it is necessary to tackle the
challenges related to tackle the challenges related to low electronic conductivity and electrolyte
erosion during cycling.

Numerous synthesis strategies have been developed to mitigate the adverse effects on the
electrochemical performance of PB materials, including surface modification, surface coating, and
the formation of composites with conductive materials, etc [11, 12]. For these strategies, the
electrical contact can be effectively enhanced by suppressing mechanical fracture of the electrode
[13]. Despite the fact that the entire or partial surface of PB remains exposed, this leads to PB being
perpetually impacted by the side reactions of the electrolyte throughout the cycling process.
Consequently, its sodium storage performance is also continually compromised. This urges the
necessity of employing conductive composite materials to coat PB particles, thereby preventing PB
particles from being constantly encroached upon by the electrolyte side reactions throughout the
cycling process [14, 15]. Coating the surface of PB with carbon represents an effective method for
modification. However, the preparation of PB@QC cathode is not a straightforward process, as these
carbon materials have a tendency to agglomerate [16], resulting in non-uniform dispersion on
surface of PB particles. The widely reported method of carbon coating has been shown to improve
the electrochemical performance of layered oxide and polyanion electrode materials [17, 18].
However, akin to carbon coated layered oxides and polyanion cathodes, the practical preparation of
carbon-coated PB is impeded by its propensity to decompose at high temperature. It is desirable to
achieve high-rate and long-life SIBs cathodes by applying carbon coating layer on the surface of PB
at low temperature through a solution-based method.

Herein, we prepared a low-cost carbon-coated PB composites (PB@C) using a straightforward
liquid phase method at low temperature. NasFe(CN)s was utilized as the sole precursor, which
underwent self-decomposition to yield PB under acidic conditions. Furthermore, a carbon sol was
integrated into the synthesis process of PB, wherein the Fe?'/Fe3* resulting from the self-
decomposition of [Fe(CN)s]*, and a carbon coating layer is produced, resulting in the formation of
PB@C. Introducing a carbon coating layer can enhance the electrical conductivity PB, facilitating
superior ion transport during charging and discharging processes and increasing the capacity
contribution from the surface capacitance process. Consequently, the carbon coating layer derived
from carbon sol leaded to exceptional performance at high current densities.

2. Experimental procedures
2.1 Chemicals and Reagents

The starch is purchased from Aladdin Reagent Co. Sodium ferrocyanide (NasFe(CN)s, 99%) and
Hydrochloric acid (37%) were purchased from Adamas.

2.2 Synthesis of carbon sol

Synthesis of carbon sols: 0.3 g of starch were dissolved in 25 mL of deionized water and stirred
at 60 °C for 10 min. Subsequently, the mixture was promptly placed into a 50 mL high-pressure
reaction Kkettle and heated in an oven at 190 °C for 2 h to yield a brown solution.
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2.3 Synthesis of PB and PB@C

Synthesis of PB and PB@C: Prepare PB in the same way as previously reported [19]. Dissolve 2
mmol of sodium ferrocyanide in the previously prepared carbon sol solution. Then, add 0.5 mL of
hydrochloric acid to the resulting mixture. Stir the combination at 60 °C for 4 h. Subsequently, after
a series of centrifugation, cleaning, and drying processes, the PB@C sample was collected. For the
PB, deionized water was used instead of carbon sol.

2.4 Characterizations

The X-ray diffraction data were acquired at 25°C with a scanning step of 0.02° and the 26 range
was established from 10°to 70< Microstructures and morphologies of the samples were analyzed
using a SEM (SUPRA 55 Sapphire) and a TEM (FEI, tecnai F20). The Raman spectra of materials
were determined by means of the LabRam HR Evolution. The infrared spectrum of the material was
determined via a Fourier Transform Infrared (FT-IR) spectrometer produced by Shimadzu, Japan.

2.5 Electrochemical measurements

The electrode material (70%, weight %), ketjen black (20%, weight %), was meticulously
blended with PVDF (10%, weight%). Following this, NMP was introduced and the mixture was
thoroughly stirred to ensure the formation of a homogeneous slurry. This slurry was then uniformly
coated onto aluminum foil. Subsequently, the coated foil underwent vacuum drying at a temperature
of 80 °Cthroughout the night to yield the electrode sheet. The NaClO4 (1 M) electrolyte (EC: PC =
1: 1 vol%), supplemented with 5% FEC, was employed. The LAND system was employed to
conduct cycling and rate performance tests within the voltage range from 2.0 to 4.0 V. The cyclic
voltammograms (CV) at various scanning rates were acquired using the electrochemical
workstation (CHI760E, Chenhua, Shanghai) within a voltage range of 2.0-4.0 V.

3. Results and discussion
3.1 Structure and morphology

Figure 1a presents the comparison of XRD patterns of PB and PB@C. For both PB and PB@C
samples, the characteristic peaks were accurately matched to the standard card of ferric ferrocyanide
JCPDS NO.73-0687. This finding conclusively suggests that both samples possess a face-centered

cubic crystal lattice configuration, belonging to the space group Fm3m. The sharp and strong peaks
clearly indicate that both samples contain well-crystallized PB, emphasizing their high degree of
crystallinity. It is noteworthy that, for the PB@C samples, the absence of any distinct peaks
corresponding to carbon is mainly due to the highly crystalline nature of the PB sample. The
outcomes highlights that the incorporation of carbon sol has no influence on the crystal structure of
PB, thus preserving its integrity and inherent properties.

The existence of carbon within the PB@C material is verified through Raman spectroscopy, with
the resulting spectra displayed in Figure 1b. In Figurelb, the two prominent peaks of carbon
centered at 1595 and 1345 cm™ correspond to the G-band and D-band [20], respectively. The two
salient peaks are indicative of disordered sp2 carbon. The intensity of G-band surpasses that of the
D-band, signifying that carbon contains a lower number of lattice defects, which makes PB@C
perform better than PB. Consequently, this outcome indicates the existence of carbon within PB@C.
The interaction between PB and carbon can effectively boost its electrical conductivity and
facilitate electron transfer among PB samples, leading to outstanding performances in both cycling
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and rate capabilities.
The chemical compositions of PB and PB@C were ascertained by means of FT-IR. Figure 1c
depicts the infrared spectrograms of PB@C and PB. The strong absorption peak at 2080 cm™ is
attributed to the characteristic vibration of the -C=N—group. The absorption band at around 495 cm-
Lindicates the existence of Fe-CN-Fe stretching vibrations. The peak observed at 600 cm™ belongs
with the stretching vibration of Fe-CN. Upon comparing the FT-IR spectra of PB and PB@C, a
minor and indistinct peak at 1300 cm™ is discovered in PB@C, which originates from the stretching

vibration of C-C single bonds. This result confirms the presence of carbon within PB@C.
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Figure 1: (a) XRD patterns of PB@C and PB; (b) Raman spectroscopy analysis of PB@C; (c) FT-
IR spectra of PB and PB@C; SEM images of PB (d) and PB@C (e); (f) TEM image of PB@C.

The morphology of PB and PB@C cathode materials was characterized using SEM and TEM.
The SEM image (see Figure 1d) reveals that PB displays a unique microcube structure featuring
well-defined edges and its dimensions vary between 400 nm and 1 pm. When PB is treated with
carbon sol, it preserves its microcube morphology; however, the surface becomes enveloped in a
material resembling yarn. This phenomenon indicates the presence of a carbon coating layer,
forming PB@C structure (see Figure 1e). Upon examining the TEM image (see Figure 1f), it
becomes evident that the PB@C cube is enveloped by a consistent layer of carbon across its regular
cubic surfaces. This carbon coating layer significantly diminishes the material's susceptibility to
electrolytic erosion. The synthetic colloidal carbon-coated PB, featuring a uniformly surface with a
seamlessly continuous wrapping layer, distinguishes itself from conventional mixed preparations.
This innovative methodology is especially well-suited for utilization in SIBs.

3.2 Half-cell performance

Both PB and PB@C composites are employed as cathodes, and sodium foil serves as the anode.
These components are assembled into coin cells and subjected to electrochemical tests. The CV
curves of PB@C were recorded across a voltage interval of 2.0 to 4.0 V. The CV curves of PB@C
acquired at diverse scanning rates are shown in Figure 2a. As depicted in Figure 2a, when the sweep
rate is 0.1 mV s, the two pairs of cathodic/anodic peaks emerging at 2.78/3.08 V and 3.77/3.80 V
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signify the existence of FeHS (N) and FeLS (C) pairs, indicating that the insertion/extraction of
sodium ions proceeds in two steps [21]. The FeHS (N) pair, comprising Fe?* coordinated with
nitrogen, is in correspondence with the oxidation of high-spin Fe?* and the reduction of Fe3".
Conversely, the FeLS (C) couple, comprising Fe?* bound to carbon, is associated with the oxidation
of low-spin Fe?* and the reduction of Fe3*. The oxidation peak shifts towards a higher voltage with
the increase of the scanning rate. In contrast, due to polarization, the reduction peak shifts towards
a lower voltage.
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Figure 2: (a) PB@C CV curves under different scanning rates; (b) The log(i) and log(v) fittings of
PB@C correspond to the b value of each peak; The capacitance contribution ratio of PB@C (c) and
PB (d); The percentage of surface capacitance of PB@C (e)and PB (f) at 0.1 mV s%.

To explore the charging and discharging mechanisms PB@C, a kinetic analysis of the materials
was conducted. In Figure 2a, the two anodic peaks are labeled as a and b, while the two cathodic
peaks are labeled as ¢ and d. The connection between current (i) and scanning rate (v) can be fitted
by Equation (1)[22].

i, =av’
(1)

Where 'a' and 'b' represent variable with adjustable constant, and 'ip' denotes the peak current
value of the redox peaks. When the value of b approaches 0.5, the predominant process in the
battery's charge-discharge cycle is diffusion insertion. Conversely, when the b value is approximate
to 1, the charging and discharging procedures are preponderantly regulated by the surface
capacitance mechanism. As shown in Figure 2b, the b-values of peaks (a, b, ¢, and d) are obtained
by fitting Equation (1). Furthermore, the distribution of b-values indicates that both diffusive
insertion and surface capacitive processes govern the charging and discharging mechanisms. To
contrast the roles of the surface capacitance process and the diffusion insertion process during
charging and discharging, we have quantified their respective contributions through the application
of Equation (2) [23, 24].

i =kVv+kVv®® @)

In this Equation (2), v is the scan rate, i denotes the current measured at each scanning rate,
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while ki1 and k2 are constants. The kiv and kav®® respectively stand for the contributions of the
surface capacitance process and the diffusion insertion process [25]. The b-values for both PB and
PB@C are close to 1, suggesting that the kinetics of the surface capacitive process are rapid and
play a more significant role. As shown in Figure 2c and d, for peak a, the proportion of capacitance
contribution varies across different scan rates, exhibiting a steady increase as the scan rate escalates.
Specifically, the PB@C cathode exhibits a capacitance contribution of 51% at a scan rate of 0.1 mV
s, increasing to 80.55% at a scan rate of 1.0 mV s. Conversely, the PB cathode displays a
capacitance contribution of 40.3% at a scan rate of 0.1 mV s and rises to 70.19% at a scan rate of
1.0 mV s, The prominence of capacitive contributions becomes increasingly evident at elevated
scan rates. These observations imply that the PB@C cathode displays exceptional pseudocapacitive
behavior and facilitates swift Na* diffusion amidst the charging and discharging procedures,
aligning with its high-rate performance capabilities. At a scan rate of 0.1 mV s, the contributions
of surface capacitive process of PB and PB@C are shown in Figure 2e and 2f. Once coated with
carbon sol, the surface capacitive contribution of PB at a scanning rate of 0.1 mV s escalated from
40.3% to 52.1%. Both b-value and surface capacitance suggest that the PB@C cathode exhibits
swifter kinetic properties. This rapid kinetic enhancement is attributed to the inclusion of carbon,
leading to superior rate performance.
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Figure 3: (a) GITT and (b) DNa+ curves of PB@C and PB.

To understand the diffusion rate of sodium ions in the PB@C and PB cathodes, the Dna+ during
the intercalation/de-intercalation process was verified using GITT. The Dna+ can be calculated
according to Fick's second law [26]. As shown in Figure 3a and 3b, the Dna+ for the PB@C cathode
during the charge-discharge process is calculated to be approximately in the range of 10-9 to 101
cm? st For the PB cathode, the Dna+ primarily concentrates around 10°2° cm=. Clearly, the Dna+
for the PB@C cathode is significantly higher than that of the PB cathode, indicating that the PB@C
cathode exhibits faster diffusion kinetics during charge and discharge cycles, which enhances its
superior electrochemical performance.
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Figure 4: (a) The charge-discharge curves of PB@C from 0.1C to 1C; (b) PB@C and PB at low rate
performance; (c) Performance comparison of PB@C and PB under different rates; (d) Cyclic
performance of PB@C at 1C; (e) Long-cycle comparison of PB@C and PB at a current density of
10C; (f) The long-cycle performance of PB@C at a high rate of 20C.

Figure 4a show the charge-discharge voltage profile of PB@C. The long charge-discharge
plateau within the scope of 2.6 - 3.1 V is attributed to the redox reaction of Fe?*/Fe®*, corresponding
to the oxidation-reduction peak on the CV curve. In Figure 4b, the PB@C cathode was charged and
discharged at current densities ranging from 0.1C to 1C, and its discharge specific capacities were
169, 159, and 151 mAh g, respectively. In comparison, the discharge specific capacities of the PB
cathode at the same rates are 140, 124, and 117 mAh g%, respectively. Evidently, after carbon sol
was coated on PB, the initial discharge capacity undergoes a notable enhancement, escalating from
140 to 169 mAh g? at a rate of 0.1C. This augmentation closely approximates the theoretical
capacity of 170 mAh g,

Figure 4c illustrates the rate performance comparison between the PB and PB@C cathodes
across various discharge rates. The capacities of the PB cathode at 3C, 5C, 10C, 15C, 20C, 25C,
and 30C are 112.5, 104.9, 97.2, 73.5, 56.4, 29.8, and 8.7 mAh g}, respectively. The PB cathode is
capable of sustaining a substantial capacity when operated at low rates; however, its
electrochemical performance undergoes a precipitous decline when subjected to high rates, and it
virtually loses all capacity beyond 20C. In contrast, the capacities of the PB@C cathode at 3C, 5C,
10C, 15C, 20C, 25C, and 30C are 134.5, 127, 119.03, 109.4, 105.5, 94.8, and 85.3 mAh g*,
respectively. Obviously, the PB@C cathode demonstrates a higher capacity than the PB cathode at
various rates, particularly at high rates. When the rate reverts to 3C, the discharge capacity of the
PB@C cathode is restored to an impressive 122.55 mAh g, marginally lower than its original
discharge capacity at 3C, highlighting the exceptional electrochemical reversibility of the PB@C
cathode. Remarkably, it has been observed that the PB@C cathode continues to exhibit impressive
discharge capacities of 94.8 and 85.3 mAh g at 25 and 30C rates, respectively. In contrast, the
discharge capacities of the PB cathode are significantly lower, at merely 29.8 and 8.7 mAh g%,
under the same current rates. The outstanding rate performance suggests its good structural stability.
The PB@C cathode exhibits a remarkable specific capacity and superior cycling performance at
low rates. Following 200 cycles at a 1C, it sustains an impressive capacity retention rate of 92%
(Figure 4d). Regarding the PB@C cathode, its exceptional electrochemical reversibility is
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fundamentally attributed to the inherent robust electronic conductivity of the carbon-based material,
which facilitates the swift diffusion of Na ions between the electrolyte and the extensive lattice
structure, ensuring minimal energy losses.

Figure 4e presents a comparison of the long-cycle performance between the PB@C and PB
cathodes at 10C. The capacity of the PB cathode decays rapidly in the first 100 cycles, while the
PB@C cathode maintains a stable capacity, and the capacity retention after 500 cycles is 83%, with
discharge-specific capacity of 99.5mAh g1, which significantly exceeds that of the PB cathode. The
findings indicate that the crystal structure of PB@C remains intact and exhibits exceptional long-
term cycling stability, due to the presence of the protective carbon coating layer. Figure 4f further
delineates the long-term cycling performance of PB@C at a high rate of 20C. Following 1000
cycles, the capacity retention rate amounts to 76.7%, accompanied by a discharge specific capacity
of 70 mAh g*. The results suggest that the incorporation of carbon coating layer enhances the
surface capacitive contribution, thereby boosting kinetic performance and effectively mitigating
capacity degradation.

4. Conclusion

In conclusion, a straightforward synthesis technique was utilized to produce a carbon sol, which
was subsequently applied to coat the surface of PB, resulting in the successful fabrication of PB@C
cathode material. The introduction of the carbon coating layer boosts the electronic conductivity
and suppresses the side reactions between the electrolyte and the electrode material. The results
show that the obtained PB@C cathode exhibited superior sodium storage performance. The specific
capacity of PB@C reaches 85 mAh g* at a discharge rate of 30C. Moreover, it maintains 83% of
its capacity after 500 cycles at 10 C and 76.7% after 1000 cycles at 20C, representing a significant
enhancement over the unmodified PB cathode. The findings imply that the application of a carbon
sol coating substantially boosts the electrochemical performance of PB, indicating a viable
approach for modifying PB at low temperature.
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