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ABSTRACT: Prussian blue analogs (PBAs) featuring large interstitial voids and rigid
structures are broadly recognized as promising cathode materials for sodium-ion

Long-range periodicity
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batteries. Nevertheless, the conventionally prepared PBAs inevitably suffer from o9 ‘ - fastes
inferior crystallinity and lattice defects, leading to low specific capacity, poor rate s 2 i e ey Gozoiete
capability, and unsatisfied long-term stability. As the Na* migration within PBAs is o ‘=i 72504282

directly dependent on the periodic lattice arrangement, it is of essential significance t0  smooth migration channel
improve the crystallinity of PBAs and hence ensure long-range lattice periodicity.
Herein, a chemical inhibition strategy is developed to prepare a highly crystallized
Prussian blue (Na,Fe,[Fe(CN)¢];), which displays an outstanding rate performance
(78 mAh g™' at 100 C) and long life-span properties (62% capacity retention after
2000 cycles) in sodium storage. Experimental results and kinetic analyses demonstrate
the efficient electron transfer and smooth ion diffusion within the bulk phase of highly
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crystallized Prussian blue. Moreover, in situ X-ray diffraction and in situ Raman

spectroscopy results demonstrate the robust crystalline framework and reversible phase

transformation between cubic and rhombohedral within the charge—discharge process. This research provides an innovative way to
optimize PBAs for advanced rechargeable batteries from the perspective of crystallinity.

KEYWORDS: Prussian blue analogs, high crystallinity, solid-state diffusion, sodium ion batteries, crystal structure

1. INTRODUCTION

The increasing exhaustion of fossil energy and the resulting
environmental problems made it urgent to resort to sustainable
energy sources. Energy storage systems are critical for
integrating intermittent renewable energies into large-scale
grids."” Lithium-ion batteries (LIBs), which were applied in
1991 and have achieved great success in portable electronics
since then, are widely recognized as unaffordable for industrial-
scale energy storage because of the low resource reserves,
uneven distribution, and rising cost.> At the same time,
sodium-ion batteries (SIBs) have grabbed much attention by
virtue of the abundant reserves and wide availability.> Also, the
similar chemical properties of sodium and lithium elements
make SIBs more advantageous over LIBs in some future energy
storage applications.(”7

Although numerous advanced cathode materials have been
demonstrated to be feasible for SIBs, developing satisfactory
electrode materials with high energy density, great power
capability, and low cost is still the bottleneck for the scale-up
applications of SIBs in the following years.*” Among various
cathode materials including Prussian blue analogues (PBAs),
polyanion compounds, organic materials, and layered oxides,
PBAs are promising cathode materials because of the advantages
of open interstitial channels, low cost, and facile synthesis.'*~"*
Previous reports have demonstrated that the Na® storage
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performance of PBAs is not only closely correlated to the
confined interstitial sites but also associated with the smooth ion
diffusion channels."”"* However, the available interstitial spaces
formed by cyanic bridging and transition metals are generally
restricted by the lattice defects and interstitial water, which
results in inferior Coulombic efficiency and fast capacity
deterioration in SIBs.">'® To overcome this problem, most
research focuses on preparing a robust Prussian blue structure
with suppressed vacancies and interstitial water.'”'® You et al.
exemplified high-quality Prussian blue (PB) crystals with less
vacancies, which feature high capacity and long life-span
properties.'”” Song et al. studied the correlations between
interstitial water and electrochemical properties in hexacyano-
metallates, demonstrating that elimination of interstitial water
results in phase transformation and an improved charge storage
performance.20 Unfortunately, the continuous Na* migration
paths, which are enabled by the periodic lattice arrangement and
hence play significant roles in solid-state diffusion, have long
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Figure 1. Schematic diagram for the synthesis of Prussian blue (Route 1, the conventional coprecipitation method for L-PB; Route 2, the advanced

chemical-inhibited process for H-PB).
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Figure 2. Characterizations of the as-synthesized H-PB and L-PB. (a) XRD patterns. (b) FT-IR spectra. (c) TG curves. Mossbauer spectrum of (d) H-

PB and (e) L-PB. (f) Fe 2p XPS spectra.

been ignored. Moreover, the crystallinity, a critical parameter in
the crystal structure, is also urgently worthy of discussion to
clarify the dynamic controlling effects on the bulk properties of
PBA materials.

Here, we develop a highly crystallized Prussian blue (H-PB)
cathode material with efficient kinetics and robust structure
through a chemical inhibition strategy. The structural and
molecular deviations between H-PB and low-crystallized
Prussian blue (L-PB) were systematically investigated. Interest-
ingly, H-PB exhibited a much improved solid-state diffusion
efficiency because of the smooth migration channels, resulting in
unprecedented sodium storage performance. The fast electronic
and ionic transfer were systematically studied by dynamic
analyses and experiments. Furthermore, the inherent storage
mechanism and corresponding structure—performance relation-
ships were revealed by the in situ X-ray diffraction (XRD) and in
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situ Raman techniques. More importantly, the full cell assembled
with H-PB and hard carbon as cathode and anode materials
presented a good electrochemical performance, manifesting the
teasibility of H-PB electrode material for practical application.

2. RESULTS AND DISCUSSION

2.1. Morphology and Structure. L-PB was synthesized by
a conventional coprecipitation method as depicted by route 1 in
Figure 1. The dark blue sediment precipitated immediately
once blending Fe** and [Fe(CN)¢]*™ in an aqueous solution
(Figure S1). The fast and uncontrollable coordination process
inevitably leads to agglomerated nanoparticles with substantial
defects and coordinated water. To deliberately regulate the
nucleation and crystal growth rate, a chemical-inhibited strategy
was proposed under the complementary assistance of H* and
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Figure 3. Electrochemical performance of H-PB and L-PB cathode materials. (a) The third-cycle CV profiles. (b) The typical galvanostatic charge/
discharge curves. (c) Cycling performance at 2 C. (d) Rate performance at various current densities from 2 to 100 C. (e) Ragone plots of the electrode.

(f) Long-term cycling performance at 10 C for H-PB and L-PB.

citrate. As shown by route 2, [Fe(CN)¢]*~ decomposes slowly
under the acid circumstance and generates numerous Fe?*
ions.'”** Afterward, citrate bonds with these newly formed
Fe** and hence effectively suppresses the oxidation of Fe'.
Because of the lower binding energy of Fe'-[Fe(CN)q]*
complex relative to Fe**-citrate, Fe’" tends to gradually
dissociate from citrate and eventually coordinates with ferrous
cyanide as the reaction goes on, forming H-PB crystals.”’ The
introduction of sodium citrate largely avoids the direct and rapid
reaction between Fe** and ferrous cyanide, so as to decrease the
coordination reaction rate and further ensure plenty of time for
nucleation and crystal growth (Figure S1). By this way, the
crystallinity of Prussian blue was subtly tailored via adjusting the
concentration of sodium citrate (Figure S2). As displayed in
Figure S3, H-PB shows a microsphere morphology with sizes

”

ranging from 3 to 6 pum. Transmission electron microscopy
(TEM) images show that numerous nanoparticles accumulated
and self-assembled to form a secondary particle (Figure S4). In
addition, the low surface area could alleviate side reactions at the
cathode—electrolyte interface.'®** As a comparison, L-PB is
composed of agglomerated nanoparticles and shows irregular
size and shape (Figure SS). Element mapping presented in
Figure S3 shows a uniform dispersion of Na, C, N, Fe, and O in
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H-PB, which is also confirmed by XPS results (Figures S6 and
S7). Inductively coupled plasma analysis (ICP) results reveal
that the stoichiometric compositions of H-PB and L-PB are
Na,Fe,[Fe(CN)¢]; and NagFe,[Fe(CN)4];, respectively,
demonstrating the Na-rich characteristic of H-PB (Table S1).
In this manuscript, we prefer to use the simplified formulas
Na,Fe,[Fe(CN)¢]; and Na,sFe,[Fe(CN)¢]; without showing
defects for concisely denoting the as-prepared samples, in
agreement with the commonly used methods in literature.”**

The crystal structure and purity of the prepared H-PB and L-
PB were identified by the powder XRD techniques. As exhibited
in Figure 2a, the diffraction peaks of H-PB, in contrast with L-
PB, show stronger intensity and narrower full width at half-
maximum (fwhm), supporting a higher crystallinity of H-PB.
The detailed structure information can be obtained from
Rietveld-refined XRD results (Figure S8). The structural
comparison of two samples is listed in Table S2. Both H-PB
and L-PB possess face-centered cubic lattice (fcc) with a space
group of F43m.”® Obviously, the calculated lattice constants of
H-PB (10.36 A) is bigger than that of L-PB (10.04 A). This is
attributed to the enriched contents of Na* within the pristine
lattice of H-PB, which expands the lattice framework.”” The
typical local structure is presented in Figure S8. FeC4 and FeNg
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octahedrons are alternately bridged by the linear groups of C=
N, forming a rigid double perovskite framework. As a result, the
open lattice provides three-dimensional channels for efficient
Na* diffusion.”®*’ The subtle discrepancies in molecular
structures of two samples were revealed by Fourier transform
infrared spectra (Figure 2b). Notably, an intense adsorption
peak centering around 2076 cm™" is attributed to the stretching
pattern of cyanide groups.’”' In addition, two distinct peaks
located at 600 and 496 cm™' belong to Fe—C and Fe—N
stretching patterns in H-PB samples. The shift of Fe—N to
higher wavenumber (500 cm™) in L-PB manifests the higher
average valence of the Fe coordinated with N.**** Moreover, the
H—O—H bending and broad O—H stretching modes, arising
from lattice water and absorbed water, are revealed by the peaks
centered at 1612 and 3560 cm™', respectively.”*> Water
molecule tends to accumulate at lattice vacancies and coordinate
with Fe octahedron to maintain the electroneutrality. As verified
by the thermogravimetric analysis (TGA) in Figure 2c, the
weight losses below 250 °C were noticed in two samples with
that below 200 °C attributing to the elimination of adsorbed
H,O and that ranging from 200 to 250 °C to the removal of the
lattice water due to the strong attraction between water
molecules and Fe’. The only 4% weight loss in H-PB
demonstrates a notable suppression on the water content by
the chemical-inhibited strategy. Further temperature rise above
250 °C results in the decomposition of the framework.””** The
nitrogen adsorption—desorption isotherms displayed in Figure
S9 shows that H-PB has a low surface area of 3.5 m* ¢! because
of its dense microsphere structure. The agglomerated nano-
particles of L-PB, by contrast, shows a higher surface area around
221.3m* g ", Interestingly, H-PB exhibits better electrochemical
performance even without large surface area, suggesting the
intrinsic crystal quality in PB is of prime significance for SIBs.
Raman spectra were collected on two samples to determine
the valence states of iron (Figure S10). Peaks situated at 2110
and 2150 cm ™' represent the vibration of the cyanide group
coordinated with Fe?* and Fe*, respectively.*® Compared with
L-PB, H-PB shows a much stronger intensity on 2110 cm™
peak, indicating a lower average valence state of Fe. Mossbauer
spectra at 298 K were collected to clarify the electronic structure
of two samples and the consequences are presented in Figure
2d,e. The detailed fitting parameters are summarized in Table
S3, where Q, denotes the quadrupole splitting and 6 represents
the isomer shift. Notably, both H-PB and L-PB show typical
singlets with negligible values of Q; for the octahedral low-spin
Fe® (LS Fe?") in [Fe''(CN)4]*. It is worth noting that three
doublets with isomer shifts of 0.370, 0.600, and 0.863 can be
observed in H-PB. All of them are assigned to the HS-Fe*" and
HS-Fe?*, which are coincide with the Na-rich structure.*” The
smaller value of Q, for [Fe'(CN),]* than that of Fe?*
demonstrates more symmetrical coordination environment.”’
In contrast, only one doublet of HS-Fe®* with an isomer shift of
0.374 was observed in L-PB, suggesting the high valence state of
HS-Fe. X-ray photoelectron spectroscopy (XPS) further verified
the Fe states in H-PB and L-PB. The results are exhibited in
Figure 2f, where two distinct peaks situated at 720.7 and 707.0
eV are, respectively, attributed to Fe''2p, ,, and Fe'' 2p;, within
the [Fe(CN)¢]*" units. The higher binding energy peaks
around 724.6 and 711.9 eV are, respectively, associated with
Fe2p, , and Fe™ 2p; ,.>® Obviously, the relatively weaker peak
of Fe** in H-PB indicates the lower contents of Fe** in the
sample. On the basis of the above analyses, the H-PB exhibits
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lower average valence for Fe, which can be attributed to the
insertion of more Na" ions.

2.2. Charge Storage Performance. The sodium storage
capabilities of two samples were evaluated in the half-cell
configurations at ambient temperature within a potential range
of 2.0-3.8 V (V v. Na/Na"). Figure 3a shows the third cyclic
voltammetry (CV) curves of two samples at 0.1 mV s\
Obviously, a redox peak situated around 3.0 V can be observed
for both samples, while the much higher peak current and larger
curve area of H-PB suggest the superior Na* diffusion kinetics
and higher specific capacity. Also, the H-PB exhibits smaller
peak separation compared with L-PB, manifesting lower
polarization. An additional pair of peaks that appeared at
3.53/3.51 V for H-PB indicates part of CIO,™ anions intercalate
into the bulk phase of H-PB from the electrolyte, as reported in
previous works.”*> However, the insertion of C1O, ™~ anions was
not observed in L-PB possibly due to the contracted lattice
parameter (10.36 A for H-PB and 10.04 A for L-PB) and blocked
migration channels. Moreover, the superior repetition of CV
curves in the initial three cycles manifests the high reversibility of
H-PB (Figure S11). The typical charge—discharge profiles of
two samples at 2 C (1 C is defined as 120 mA g ™) are presented
in Figure 3b. H-PB exhibits a long discharge plateau around 2.9
V and a short discharge plateau at 3.5 V, whereas only one
plateau at 2.9 Vis observed in L-PB. This phenomenon evidently
agrees well with the CV profiles. The cycling properties of H-PB
and L-PB at 2 C are presented in Figure 3c. The initial charge
capacity of H-PB and L-PB are, respectively, 60 mAh g~' and 12
mAh g/, corresponding to the extraction of 2 and 0.4 Na* from
the pristine structure (Figure S12). H-PB with high Na*
contents is more feasible for practical applications because
Na* only extracts from the cathode side in full batteries. A high
discharge capacity around 110 mAh g™ is well maintained after
200 cycles for H-PB with a Coulombic efficiency of virtually
100%. As shown in Figure S13, a smaller voltage hysteresis with
complete curve overlapping is observed in H-PB, manifesting
faster reaction dynamics. For comparison, only limited capacity
of 60 mAh g~' was provided after 200 cycles in L-PB. The
hindered capacity can be attributed to the limited accessible
sodium storage sites, which is resulted from the lattice defects
and coordinated water.'”'>*” Galvanostatic cycling was also
performed at a high mass loading of 7.2 mg cm™" for H-PB,
exhibiting a discharge capacity of 100 mAh g~" after 80 cycles at
2 C (Figure S14). Even confronted with extreme environment,
the H-PB was capable of delivering discharge capacities of 93
and 105 mAh g™, respectively, at 0 to S0 °C after 100 cycles, as
exhibited in Figure S15. The negligible performance degradation
after changing temperature demonstrates the adaptability of H-
PB to extreme environment.

The rate performances of two samples were further studied
with current densities altering from 2 to 100 C. As depicted in
Figure 3d, The H-PB delivers reversible capacities of 118, 110,
104,95, and 83 mAh g~! along with the current densities ranging
from 2 to 80 C. A reversible discharge capacity as high as 78 mAh
g is still maintained though at a super high rate of 100 C (the
current density equals to 12 A g™ and only 3 s for the full
discharge process) with about 65.5% capacity retention.
Furthermore, the capacity restores to 113 mAh g~ as long as
the current density goes back to 2 C. The following stable
cycling further demonstrates the superiority of H-PB even after
the long-range current fluctuations, yielding the best rate
performance of PBAs in nonaqueous SIBs to the best of our
knowledge (Table S4). Nevertheless, L-PB exhibits unsatisfied

https://dx.doi.org/10.1021/acsami.0c20067
ACS Appl. Mater. Interfaces 2021, 13, 3999—4007


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20067/suppl_file/am0c20067_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20067/suppl_file/am0c20067_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20067/suppl_file/am0c20067_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20067/suppl_file/am0c20067_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20067/suppl_file/am0c20067_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20067/suppl_file/am0c20067_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20067/suppl_file/am0c20067_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20067/suppl_file/am0c20067_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20067/suppl_file/am0c20067_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20067/suppl_file/am0c20067_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20067/suppl_file/am0c20067_si_001.pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c20067?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(a) =~ (b)

0.90] 061 Lps ( ) 0.0004{ o H-PB °
-0.84 Anodic b=0.67 ® L-PB
a~ 0.6 ic b=0. — .
o — 0] Cathodic b=0.7 % 0.0003 F!tted results
< 03] ‘é S — Fitted results
Zz £ -1.2 <
@ . >
5 0.0 g i % 0.0002-
£ -0.34 s s
£ & -1.6- H-PB £ .
3 0.6 Anadic b=0.87 E 0.0001 H-PB, D, =2.26 X 10°
-1.84 Cathodic b=0.85 s} -
-0.94 L-PB, D, =2.24X 10
T T T T 2.0
2.0 25 3.0 3.5 4.0 N y T J T T 0.0000 T T T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0
+ 0.010 0.015 0.020 0.025 0.030 0.035
Voltage (V vs. Na/Na') Log (Scan rate mV s™) 2 2 s
Scan rate”* (V'"*s™%)
320
(d ) 9099000009990, TN 04000000 N (e ) ® HPE After 20 cycl
4.5 :'0" 4 0.0.0.00@900 \O:xo,g.g.o'o.o.e 99:90-9-9:9-99 o 0\0 rlE-lZ _ 250 o LPB er 20 cycles
\°° o® LY "“'000/ ] o 200099 00, N
‘s 4.0- r e 201
" 1E-14 <
3 F= £ 200
Z 3.5 g E
@ r S $160
: STETIR 5
b 3.0 3 11204
E r .5 80
g 2.5 . F1E-18 é ...otooooo....
—o—H-PB " E £ 40- M "v
2.0 —9—L-PB 2760 55 50 45 o
T T T T T —-1E-20 ——————
0 20 40 60 80 100 80 60 40 20 0 0 40 80 120 160 200 240 280 320
(f) xin Na,,Fe [Fe(CN).], (%) Z (ohm)
(8) \.. L-PB
Na* H-PB Na e e g
o
e i A e ° “or (o0f
:";-QQQ-,Q 0% :amé«,(;u(m
@200 Qe Lerd L ran > ¢ g
Tereleien ‘ ez teifexn
- ~ O o Pl e ® iy % . g
rezei;etex 7oz (020
“:zc bas m% ° Pz T TR ST
! 9:0:9
o8 hieng o o FHEHBRGTN

Smooth migration channel Accessible inner sites

Blocked migration channel Less occupancy sites
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capacity of 73 mAh g~' at 2 C and eventually cannot supply
storage at elevated rates (Figure S16). Moreover, the H-PB
exhibits smaller voltage hysteresis and higher capacity retention
at each rate (Figure S17). The high crystallinity of H-PB
effectively guarantees a robust structure, which can be well
preserved even at an ultrahigh current density. Figure 3e shows
the Ragone plot of H-PB and L-PB samples. Benefiting from
ultrafast reaction kinetics and robust crystal structure, the
electrochemical system based on H-PB exhibits substantial
power density up to 29.3 kW kg™' and the impressive specific
energy density as high as 179 Wh kg ™. Figure 3f shows the long-
term stability of two cathode materials at 10 C. Obviously, the
H-PB retains a reversible discharge capacity of 70 mAh g™" even
after 2000 cycles, about 62% preservation of the initial capacity,
corresponding to a fading rate of 0.019% per cycle. By contrast,
only 40 mAh g~' is maintained by L-PB, which is too low to
satisfy the practical applications.

2.3. Dynamic Analyses. In order to obtain the fundamental
understanding of the superior charge—storage performance of
H-PB, systematical dynamical analyses including multistep CV,
galvanostatic intermittent titration techniques (GITT), and
electrochemical impedance spectroscopy (EIS) were employed.
Figure 4a depicts the voltammetric sweep data of H-PB varying
between 0.1 and 1 mV s~". Notably, the peak current of H-PB
increases with the augment of sweep rates (Figure 4a). The
smaller peak separation compared to L-PB suggests the lower
polarization in H-PB (Figure S18). The redox kinetics can be
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determined via the power-law principle of peak current (I) and
sweep rate (V)"

(1)

where both a and b are variable parameters, and b value can be
calculated by the tangent of log(V) and log(I). Theoretically,
faradaic diffusion-limited or capacitive-controlled mechanism
can be distinguished by the b value of 0.5 and 1, respectively. As
depicted in Figure 4b, the calculated b values for both L-PB and
H-PB are between 0.5 and 1, indicating that the sodium-storage
for two samples is controlled by both intercalation mechanism
and capacitive procedure.”®*”*" The capacity contributions
from different mechanisms are indicated separately in Figure
S19. The highly crystallized H-PB features with the periodic
lattice arrangement, leading to less Na-ions diffusion constraints
and higher availability of active sites, and hence contributing to
more capacitive-contribution compared to L-PB. Figure 4c
exhibits the apparent Na* diffusion coefficient (Dcy) estimated
from multi-step CV results, suggesting the Faradic diffusion
coefficient 0f 2.26 X 1072 and 2.26 X 10™'* for H-PB and L-PB,
respectively. Furthermore, the apparent diffusion coeflicient
variations (Dg;rr) during the entire electrochemical process was
calculated from GITT results (Figure S20). As shown in Figure
4d, no sharp decrease in Dgrpr can be observed within Na*
insertion/deinsertion, indicating the phase transformation
between cubic and rhombohedral phases (as proven in the
following discussion) is highly efficient and reversible, and there

I=av’
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Figure 5. Storage mechanism for H-PB. (a) In situ XRD results and corresponding charge—discharge curves. (b) In situ Raman spectroscopy. (c)
Ilustration for the phase transformation during electrochemical process.

are smooth and continual diffusion paths for Na* in H-PB.
Notably, the calculated D¢y for H-PB ranges from 107" to
107", which is about a magnitude higher than that in L-PB
(ranges from 107'% to 107"), demonstrating faster solid-state
diffusion in the bulk phase of H-PB (Figure S21).

The electrochemical kinetics were further revealed via the EIS
results. The Nyquist plots of two samples in both pristine and
extended cycling are presented (Figure S22 and Figure 4e) with
a suppressed semicircle and an oblique line observed in Figure
4e. In general, the diameter of hemicircle within the high-
medium frequency zone demonstrates the charge-transfer
resistance (R), and the oblique line corresponds to the
Warburg diffusion in the electrode.”” Notably, the R, of L-PB
(212.6 Q) is larger than that of H-PB (142.1 Q), manifesting the
higher charge-transfer resistance (Figure $23). The vacancies in
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L-PB break the integrity of the crystal lattice, and therefore
hinder the electron transportation along C=N skeletons."” The
semi-infinite diffusion in the bulk phase of Prussian blue can be
understood by the oblique line within the low-frequency region.
The obtained Warburg coeflicients from the fitting line are 5.86
and 2.92 for L-PB and H-PB, which also indicates that the
apparent diffusion coefficient (Dg;g) of H-PB is improved about
an order of magnitude compared with that of L-PB (Figure
S22b).

The solid-state diffusion, a key process during the overall
electrode reaction, always becomes the limiting factor for the
electrochemical performance.'®*” In this case, the structural and
crystallographic deviations in two samples regulate their
electrochemical and kinetic responses. As for H-PB, high
crystallization ensures the long-range lattice periodicity, which
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promotes Na* diffuse smoothly and continuously along [100]
axis via a step-by-step cooperative manner in the framework,
resulting in eflicient solid-state diffusion.” Moreover, the
integrated crystal structure of H-PB contains less defects and
coordinated water, guaranteeing substantial active sites for the
Na' insertions. (Figure 4f). Owing to the ultrafast Na* diffusion
and efficient electron transfer, the inner active sites can be easily
obtained by the inserted Na*, and even behave like the surface or
the near surface active sites (Figure S24). However, L-PB has a
poor lattice periodic arrangement and contracted lattice
parameters, which leads to the sluggish ion transfer and inferior
charge storage performance. (Figure 4g) Furthermore, the
vacancies and coordinated water inhibit the full use of active
sites and therefore restrain the efficient sodium storage.' "’

2.4. Structural Variations. To track the structural
variations of H-PB during the electrochemical process, in situ
XRD patterns were recorded within 2.0 to 3.8 V (Figure Sa).
During the discharge process, the diffraction planes of (200),
(220), (400), and (420) shift to lower angles, which means the
increase of lattice parameters due to the insertion of Na*, and the
continuous shift of these peaks strongly suggests a relatively low
energy barrier for Na" diffusion in the long periodic frame-
work.”** A slight broadening of the (400) peak at the end of
discharging process is attributed to the internal strain and
possible cell orientation of the H-PB (Figure S25). The lattice
symmetry is gradually decreased in pristine cubic framework
with the accumulation of Na® in lattice, leading to a phase
transformation from cubic to rhombohedral as indicated by the
peak splits of (220) and (420) planes when discharged to 2.6 V
(about 3.2 Na* inserted into the lattice).””*® This structural
variation is beneficial to release the internal stress and effectively
preserve the integrity of the crystal structure during Na*
insertion. During the following charging process, split peaks
merge together with the structure changing back from the
rhombohedral to the cubic phase. Moreover, all peaks gradually
shift to higher angles along with well-preserved peak symmetry
and intensity during the charging process, demonstrating the
feasible and reversible extraction of Na* from crystal lattice. In
the following cycles, the major diffraction peaks are well
maintained and the structure variation is highly reversible, giving
reasons for the enhanced rate performance and ultralong cycle
stability. The crystalline arrangement of H-PB can still be well
maintained even after 300 cycles as shown in Figure S26. The
morphological evolutions are further compared for H-PB and L-
PB (Figure S27), showing well-maintained morphology after
cycling for H-PB. For comparison, the ex situ XRD was also
carried out on L-PB, and a similar peak shift trend is exhibited in
Figure S25b. Apparently, the major peaks shift to higher angles
upon the charging process and recover in the discharging
process, suggesting the shrinking and expansion of lattice.
However, L-PB keeps the cubic structure with no phase
transformation in the whole electrochemical process. This can
be attributed to the relatively shallow intercalation/deinterca-
lation degree of Na* (about 2 Na* involved), which does not
induce extensive inner stress and volume variation.”>**

In situ Raman technique was carried out to investigate the
active sites upon Na' intercalation/deintercalation because of
the sensitivity of C=N vibration modes to surrounding Fe
atoms.”>** As presented in Figure Sb, two characteristic peaks
situated at around 2110 and 2150 cm™!, which are assigned to
the cyanide (C=N) group coordinated Fe** and Fe’",
respectively, can be noticed at the initial stage. During charging,
the peak centering at 2110 cm™' gradually decreases to zero,
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while the peak situated at 2150 cm™' shifts to higher
wavenumbers and the intensity increases, which clearly show
the oxidation from Fe®* to Fe**. On the reverse process, the peak
with the high wavenumber recovers to its original stage and even
vanishes when discharged to 2 V, manifesting that Na* diffuses
into the bulk phase and hence causes the full reduction of Fe** to
Fe**. A similar phenomenon is also observed during the
following cycles, suggesting a highly reversible faradic reaction.
The above transformation of Fe is also confirmed by ex situ FT-
IR results (Figure S28). As the cyanide group is closely affected
by N coordinated Fe but is unresponsive to C coordinated atoms
in FTIR, it is reasonable to distinguish the active couples from
two types of Fe atoms.**® A blue-shift of the cyanide group can
be found in FTIR results during the charging process, suggesting
the oxidation of N-coordinated Fe**. Also, the peak reversibly
recovers to the initial position after discharging, demonstrating
the following reduction of N-coordinated Fe**.*> On the basis of
the above analysis, the charge storage mechanism can be
deduced as shown in Figure 5C. A multiple electron involved
reaction can be expressed as follows

Fe,[Fe(CN)y1;(cubic) + 4Na™ + 4e” = Na,Fe,[Fe(CN)];
(rhombohedral)

)
This Faradic intercalation/deintercalation process is favored for
H-PB owing to the fast kinetics and robust structure. Moreover,
a theoretical specific capacity of around 120 mAh g™' can be
delivered for the electrode, which satisfies the conditions for
scale-up energy storages.

2.5. Na-lon Full Batteries. To demonstrate the feasibility
for real-world applications, Na-ion full batteries were evaluated
with H-PB cathode and hard carbon anode. Hard carbon was
derived from the shaddock peels, featuring low cost and easy
availability.”” Before the full cell assembly, the detailed
characterization and electrochemical performance of hard
carbon were measured as exhibited in Figure S29. The
assembled full battery was cycled between 1.8 and 3.8 V,
exhibiting an initial discharge capacity as high as 126 mAh g™".
After 20 cycles, a reversible capacity of 64 mAh g~' is maintained
(Figure S30). The mediocre storage capability might be
attributed to the mismatch between electrodes and electrolyte,
but as a prototype the cheap electrode materials and easy
production provide a new approach to develop a low-cost
storage system for the possible scale-up applications.

3. CONCLUSION

In summary, Prussian blue with high crystallinity was prepared
through a chemical inhibition strategy. The long-range
periodicity in H-PB ensures efficient electron transfer and
continuous ion migration, resulting in enhanced electrochemical
dynamics. On the basis of this mechanism, H-PB exhibits an
unprecedented rate capability (78 mAh g™ at 100 C) and
superior long-term lifespan (62% preservation after 2000 cycles
at 10 C). In situ XRD and in situ Raman spectroscopy techniques
proved the efficient structural transformation (conversion
between cubic and rhombohedral phases) and full reaction of
active sites (4 Na' involved reaction). Moreover, a full cell
assembled by H-PB and hard carbon exhibits good performance.
This work provides a new crystal-level strategy to optimize
Prussian blue for energy storage.
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