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Abstract

Vanadium-based phosphates are being extensively studied as an important family of sodium-ion
battery (SIB) cathodes. Among many compositions, NaVOPQy is considered because of various
polymorphs and the high redox potential of V4*/>*, However, due to relatively poor intrinsic
kinetics and electronic conductivity, approaches such as nanostructuring and carbon composites
are commonly used to avoid fast performance degradation. Being different from mainstream
approaches, this work utilizes the knowledge gained from potassium-ion batteries (PIBs) and
applies layered KVOPQy, a PIB cathode material, as a SIB cathode material. The results
demonstrate that KVOPO, experiences an electrochemical K*-Na™ exchange during the initial
cycle and a Na-dominated (de)intercalation process in the following cycles. The initial exchange
results in a small amount of K™ (~0.1 K per formula) remaining in the interlayer space and owing
to the larger size of KT than Na™, the residual K™ effectively acts as ‘pillars’ to expand interlayer
spacing and facilitates the Na (de)intercalation, leading to enhanced reversible Na storage and
diffusion kinetics of KVOPO, compared to its Na counterpart NaVOPO,. KVOPQOy, delivers an
initial discharge capacity of 120 mAh g~! (90% of the theoretical capacity) at 10 mA g~ ' and
retains 88% capacity after 150 cycles. It also delivers 52 mAh g7! at 1 A g~ ! and 91% capacity
retention after 1000 cycles at 100 mA g~ !, completely outperforming NaVOPO;,.

1. Introduction

Lithium-ion batteries (LIBs) with high energy density and longevity have dominated energy storage
applications in portable electronics and are being strongly pursued for electric vehicles [1]. However, the
limited lithium and cobalt resources and consequently rising costs of the resources impose a great risk for the
massively increasing demand for LIBs. Sodium-ion batteries (SIBs) are regarded as one of the most
promising alternatives to LIBs with several competitive benefits, including economic benefits of the lower
cost of sodium resources, potential employment of aluminum as the current collector, and good interfacial
kinetics at the electrode/electrolyte interface derived from the lower desolvation energy of Na™ in polar
solvents compared with Lit [2-6]. Although using SIBs to replace LIBs is not immediately envisaged in the
applications such as portable electronics, SIBs could play a critical role in other applications, particularly
large-scale stationary energy storage where cost effectiveness and availability weight more than energy
density [2, 3, 7, 8].

Vanadium-based phosphates have been extensively studied as a family of SIB cathodes, such as
Na3V,(POy); [9, 10], NaVOPO, [11-13], NaVPOLF [14, 15], and Na3V,(POy),F; [16, 17], because of their

© 2024 The Author(s). Published by IOP Publishing Ltd
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high redox potentials, stable crystal structures and decent reversible capacities [18]. Among them, NaVOPO,
is one of the very few that can utilize the redox pair of V4*/>F and achieve a high discharge voltage without
the ‘induction effect’ of F~ or other polyanions (e.g. pyrophosphate Na, VOP,0O; [19]). There has been
increasing research on NaVOPO, as a SIB cathode material, which in partial is due to the various
polymorphs of NaVOPO, and their rich intercalation chemistry. For instance, monoclinic a-phase [11] and
orthorhombic S-phase NaVOPO, [12] exhibited reversible Na storage owing to the one-dimensional (1D)
tunnels present in the structures; however, the 1D Na diffusion is permitted along both the b-axis and c-axis
in the former but only along the b-axis in the latter [20]. Tetragonal/triclinic o;-phase NaVOPO, has a
layered structure that allows two-dimensional (2D) Na diffusion, which is believed to be favourable to
achieve high capacity and good cycling stability [13, 20]. Although reversible Na storage is achievable in the
three NaVOPO, polymorphs, Na storage performance is less ideal given the theoretical capacities of the
polymorphs due to the poor Na diffusion kinetics and electronic conductivity [11, 12]. Approaches such as
downsizing [13], nanostructure engineering [21], and carbon composites [12, 22] are being used to enhance
Na storage performance.

Utilizing the knowledge gained from our and other groups’ exploration of materials for potassium-ion
batteries (PIBs) [23—31], K-containing layer-structured materials exhibit reversible K intercalation due to the
larger interlayer spacings compared to their Na-containing counterparts, but they are usually formed with a
lower K™ content [32]. This is likely due to the strong K™-K* repulsion in the interlayer space and
consequently, not every site in the interlayer space can be occupied by the large sized K™ [33]. As a result,
these materials often show incomplete K extraction in the initial cycles, leaving a small amount of residual
K in the interlayer space [33—35], which has a negative impact on the performance as PIB cathodes.
However, given the smaller size of Nat compared to K™, the small amount of residual K might expand
interlayer spacing and potentially facilitate Na diffusion. Meanwhile, only a small amount of intercalation
sites would be occupied by the residual K, potentially allowing a decent Na intercalation capacity.

In this work, we utilize layered KVOPO, (KVOP), a PIB cathode material, as a cathode material for SIBs
and compare it with the Na counterpart, layered NaVOPO, (NaVOP). Our results reveal that electrochemical
K*-Na™ exchange occurs in the initial cycle, which leads to most of the K* (~0.9 K per formula) in the
interlayer space of KVOP being replaced by Na*, and a small amount of residual K* (~0.1 K per formula) is
present in the interlayer space and acts as ‘pillars’ in the following cycles to reduce the contraction of
interlayer spacing caused by Na intercalation. Comparing to NaVOP, KVOP shows larger interlayer spacing
both at charged and discharged states, because the spacing is expended by the ‘pillar effect’ of the residual
K. As a result, KVOP exhibits better Na storage and kinetics as a SIB cathode, completely outperforming
NaVOP. KVOP delivered an initial discharge capacity of 120 mAh g~! (90% of the theoretical capacity) at
10 mA g~! and retained 88% capacity after 150 cycles. The discharge capacity can be increased to 97.5% of
the theoretical capacity by changing the charging condition. Also, KVOP retained 52 mAh g~ at 1 A g~! and
91% capacity retention after 1000 cycles at 100 mA g~!. Our work takes the incomplete K extraction from
KVOP, which is considered negative for PIBs, and converts it into a positive approach to develop
high-performance SIB cathodes. This is different from the previously mentioned mainstream approaches to
enhance Na storage and kinetics.

2. Experimental section

2.1. Materials synthesis

KVOP and NaVOP were synthesized via a two-step process. VOPO, - 2H,0O (denoted as VOP) as the
precursor of the second step was synthesized by a facile reflux method. In a typical process, 4.8 g V,Os and
26.6 ml 85% H;PO, were dispersed in 115.4 ml H,O. The suspension was then refluxed at 110 °C for 20 h.
After refluxing, the precipitate was centrifuged and washed thoroughly by deionized water and isopropanol.
VOP was obtained after overnight vacuum drying at 60 °C. KVOP and NaVOP were synthesized by
chemically potassiating/sodiating VOP. For KVOP, 4.98 g KI was dissolved in 25 ml methanol. 0.625 g VOP
was then added into the methanol solution. After stirring for 30 min, the suspension was transferred to a
Teflon autoclave and kept at 140 °C for 12 h. The precipitate was centrifuged and washed thoroughly by
deionized water and isopropanol, and then overnight vacuum dried at 60 °C. NaVOP was synthesized using
the same method except for replacing KI with Nal (4.69 g). Both KVOP and NaVOP were annealed at 300 °C
for 12 h in nitrogen.

2.2. Material characterizations

The crystalline structure of the powder samples was identified by an XRD diffractometer (Stoe STADI P)
with Cu Ko radiation (A = 1.5406 A). The morphology of the powder samples was observed by a scanning
electron microscope (SEM, JEOL JSM-7600F) and a transmission electron microscope (TEM, JEOL
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JEM-2100). The Raman spectra of the powder samples were recorded with 633 nm laser (Renishaw Raman
spectrometer). The chemical composition of the samples was collectively determined by microwave plasma
atomic emission spectroscopy (MP-AES, Agilent 4210 MP-AES) and thermogravimetric analysis (TGA
Discovery 5500) at a rate of 5 K min~! in nitrogen. The valence state of V in the powder samples was
measured by x-ray photoelectron spectroscopy (Thermoscientific Kae XPS). The XRD patterns of the
electrodes were obtained by an XRD diffractometer (Panalytical Empyrean) with Cu Ko radiation

(A = 1.5406 A). The K/Na/P ratio of the electrodes was measured by both MP-AES and energy dispersive
x-ray spectroscopy (EDS) attached to the SEM.

2.3. Electrochemical measurements

Working electrodes consisted of 70 wt% active material, 20 wt% Ketjen Black (KB), and 10 wt%
poly(vinylidene fluoride). The mixture was prepared into a slurry with an optimized amount of
1-methyl-2-pyrrolidone (NMP). The slurry was coated on a carbon-coated aluminum foil using a doctor
blade and then vacuum dried at 120 °C overnight. The active material loading was ~1.0 mg cm 2. R2032
type coin cells were assembled in an Ar-filled glovebox (water and oxygen concentrations below 1 ppm). A
sodium disc was used as the counter electrode. A piece of Glass fibre filter (GF/F) was used as the separator. A
solution of 1 M NaClOy dissolved in ethylene carbonate:propylene carbonate (EC:PC = 1:1 in volume)
solvent was used as the electrolyte. For full-cell tests, the anode consisted of 80 wt% hard carbon (HC),

10 wt% KB, and 10 wt% carboxy methylcellulose. This mixture was prepared into a slurry with an optimized
amount of deionized water. The slurry was coated on a copper foil using a doctor blade and then vacuum
dried at 60 °C overnight. The HC loading was ~2.0 mg cm 2 and the HC anode were pre-sodiated in
half-cells for 5 cycles before being applied to full-cells (N/P ratio = 4:1). Galvanostatic charge-discharge
(GCD) was carried out on a Neware battery cycler (CT-4008) in a voltage range of 2.0-4.3 V (vs. Na™/Na) at
room temperature. Cyclic voltammetry (CV) was performed on a Gamry potentiostat (Interface 1010E). The
fitting of peak current and square root of the scan rate was conducted using the Randles—Sevcik equation
shown below [36].

i, =2.69 x 10°n*/>ACVDv

where 7 is electron transfer number, A represents interfacial area (geometric area was used in this work), C is
the concentration of ion, D is diffusion coefficient, and v is scan rate. Diffusion and capacitive behaviour were
estimated by the power-law relationship between peak current and scan rate, which is shown below [37].

ip= av?

where a and b are adjustable constants. The b value can be obtained by linearly fitting log (i) versus log (v). b
value of 0.5 represents a diffusion-controlled process, while b value of 1 suggests a capacitive-controlled
process. Galvanostatic intermittent titration technique (GITT) measurement was carried out using a current
pulse at 10 mA g~ ! for 15 min and a 2 hour relaxation. Before the measurement, the electrodes were charged
and discharged at 10 mA g~! for two cycles. Na™ diffusion coefficient was calculated based on the following

equation [38].
4 I’IMVM 2 AVS 2
D=—
TT S AV,

where 1y and V) are the molar mass and volume of the active material, respectively, 7 is the time duration
of current pulse, and S represents interfacial area (geometric area was used in this work). AV, and AV, were
obtained from the GITT curves (figure S9).

3. Results and discussion

KVOP and NaVOP were synthesized through a two-step process. The layer-structured precursor VOP was
first obtained by a reflux reaction, and then KVOP and NaVOP were obtained by chemically potassiating and
sodiating the precursor through solvothermal reactions, respectively, where KI and Nal were used as the K
and Na sources, respectively. The elemental compositions of the samples were determined by MP-AES (table
S1), showing the K/V/P ratio to be 0.72/0.89/1 in KVOP and the Na/V/P ratio to be 0.85/0.86/1 in NaVOP.
The ratios suggest a high degree of K/Na intercalation between the VOP layers occurred in the
potassiation/sodiation reaction. The deviation of V/P ratio from the stoichiometric ratio of 1 can be
attributed to a level of V/P disorder, which is not uncommon to see in V-O-P layers where a small amount of
V is substituted by P [22, 39, 40]. TGA measurements were conducted to characterize the water content in

3
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Figure 1. (a) XRD patterns, (b) TGA curves, (¢) Raman spectra and (d) V 2p XPS spectra of KVOP, NaVOP and VOP.

the samples (figure 1(a)). VOP showed a weight loss of 17.5% below 200 °C, which agrees with two water
molecules (18.2%) per VOPO,4-2H, O formula [41]. KVOP showed a significantly reduced weigh loss
(2.76%), while NaVOP showed almost no weight loss in the same temperature range (figure 1(a)). The
contrast indicates water is substituted by K*/Na™ in the interlayer space of VOP during the
potassiation/sodiatin reaction. The lower K ratio in KVOP than the Na ratio in NVOP could be the reason for
the higher weigh loss in the former than the latter; nevertheless, a low weight loss confirms a high degree of
K/Na intercalation. As shown in figure 1(b), the XRD pattern of VOP can be well indexed into VOPO4-2H,0
(PDF#84-0111). After potassiation/sodiation, both KVOP and NaVOP can be indexed to a tetragonal
structure as shown in figure 1(b). The (001) peak position shifts from 11.9° (d = 7.41 A) to 14.4°

(d=6.15 A) for KVOP and to 16.7° (d = 5.29 A) for NaVOP, indicating the decrease of interlayer spacing,
which can be ascribed to the substitution of large lattice water by K™/Na™ [13, 40]. Also, the reduction of
V3T to V4T leads to negatively charged VOPO, layers, and the electrostatic attraction between the layers and
K*/Na™ contributes to the decrease of interlayer spacing [42]. In addition, the (200) peak slightly shifts from
28.8° for VOP to 28.4° for KVOP and 28.5° for NaVOP, suggesting that K+ and Na™ occupying the sites
between the VOPO, layers cause slight lattice expansion along the ab plane [20]. The XRD patterns of KVOP
and NaVOP are in consistent with previously reported results, with the interlayer spacing of KVOP being
between a;-KVOPO, (6.01 A) [43] and ay;-KVOPO, (6.56 A) [40], and that of NaVOP being between 5.12 A
[22] and 5.70 A [13]. Figure 1(c) shows the Raman spectra of KVOP, NaVOP and VOP. VOP has four peaks

4
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* (200)

Figure 2. SEM images of (a) and (b) KVOP and (c) and (d) NaVOP. TEM images and corresponding SAED patterns of (e) and (f)
KVOP and (g) and (h) NaVOP.

at 540, 953, 987 and 1037 cm ™!, corresponding to §(O-P-O), v(P-O), v(V-O-P) and v(V-O) vibrations,
respectively [44, 45]. KVOP and NaVOP show a blue shift of v(P-O) vibration and a red shift of v(V-O)
vibration, which indicates the strengthening of the former and the weakening of the latter due to the
substitution of water with K™ and Na™ [13, 44]. The preservation of the characteristic peaks confirms the
layered structure remained in KVOP and NaVOP. Figure 1(d) shows the V 2p XPS spectra of the samples.
VOP shows a predominant peak of V°T at 517.8 eV [43], with a weak shoulder peak at 517.8 eV, indicating a
very small amount of V4T, which is possibly due to the partial reduction of V>* caused by H;O"
intercalation during the reflux process and/or vacuum drying process [44]. After being potassiated, KVOP
shows only V4T signal at 515.9 eV, due to the full reduction of V>* to V4T accompanied by K intercalation.
Same results are seen from NaVOP. Therefore, the collective results of TGA, XRD, Raman and XPS confirm
that layered KVOP and NaVOP were successfully synthesized through chemically potassiating and sodiating
VOP, respectively, and their compositions were estimated to be Kg 77(VO)0.95(PO)0,05P04-0.3H, O and
Nag.92(VO)0.92(PO)0.0sPOs4.

The morphology and microstructure of the samples were examined by SEM and TEM. VOP showed a
morphology of square sheet with a relatively smooth surface. The lateral size of the sheets is 7-10 ym and the
thickness is in the range of 100-400 nm (figure S1); thus, the high aspect ratio reflects the layered structure of
VOPO,-2H,0. After K/Na intercalation, the square-sheet like morphology was preserved in KVOP
(figures 2(a) and (b)) and NaVOP (figures 2(c) and (d)), showing no obvious morphological change, which
confirms the preservation of the layered structure. The side views of KVOP (figure 2(b)) and NaVOP
(figure 2(d)) show curvy edges of the sheets, which is likely due to the uneven contraction of interlayer
spacing after K/Na intercalation, being consistent with literature result [13, 40, 44]. TEM measurements were
taken on the KVOP and NaVOP sheets after sonication (figures 2(e) and (g)). SAED patterns demonstrate
that both samples are single crystalline (figures 2(f) and (h)), as revealed by the diffraction patterns along the
[001] projection which is perpendicular to the sheet plane. The (200), (020) and (220) diffractions can be
clearly seen, and the angle between the (200) and (020) planes is 90° which agrees with the layered structure
of VOP [44, 46], once again suggesting that the layered structure of VOP remained in KVOP and NaVOP.
Using the same precursor to synthesize KVOP and NaVOP can retain the same morphological and structural
features between the two, which is crucial to investigate our approach of using K-containing KVOPOj, to
improve the SIB performance in terms of excluding competing factors such as size, orientation, etc. This is
different from previously reported approaches such as downsizing and carbon composites [13, 21, 47].

We tested KVOP and NaVOP as SIB cathodes to demonstrate the effect of having different
pre-intercalated ions between the VOP layers. The electrochemical performance of Na half-cells was tested
using 1 M NaClO, in EC:PC (50:50% vol.) as the electrolyte in the voltage range of 2.0-4.3 V (vs. Na*/Na).
CV curves and GCD profiles of both samples in the initial cycle are shown in figures 3(a) and (b),
respectively. In the initial anodic scan, KVOP showed two oxidation peaks at 3.61 and 3.70 V, and NaVOP
showed two oxidation peaks at 3.45 and 3.77 V, suggesting the initial K/Na deintercalation. Similar reduction
peaks (intercalation) are seen between the two samples in the following cathodic scan, a broad peak at 3.81 V
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Figure 3. (a) CV curves at the scan rate of 0.02 mV s~ !, (b) GCD profiles and (c) cycling performance at 10 mA g~ !, (d) rate
capability, and (e) long-term cycling performance at 100 mA g~! of KVOP and NaVOP.

(KVOP)/3.77 V (NaVOP) and a strong peak at 3.44 V (KVOP)/3.39 V (NaVOP). The peak positions are in
good agreement with those of NaVOPO, [13] and Na; s VOPO,4-2H,O [48] for Na intercalation, suggesting it
could be Na intercalation, not K intercalation, into KVOP and NaVOP, which in another word, indicates
KVOP might experience K*-Na* exchange in the first cycle in such kind of dual-ion system (K™ in the
cathode and Nat in the electrolyte). Interestingly, the two samples showed similar intercalation and
deintercalation peaks in the 2nd and 3rd cycles (figures S2(a) and (c)), two redox pairs at 3.42/3.43 V and
3.74/3.81 V for KVOP and at 3.42/3.39 V and 3.77/3.80 V for NaVOP. This suggests Na (de)intercalation
starts dominating the charge storage process in KVOP from the 2nd cycle onwards, which is an intriguing
result given the different performance between KVOP and NaVOP (will be discussed later). The GCD profiles
of KVOP and NaVOP are in good agreement with their respective CV curves (figure 3(b)). Both exhibited a
slope discharge plateau between 3.3-3.9 V with a high average voltage of 3.5 V, which is in consistence with
previous reports [13, 48]. KVOP delivered initial charge and discharge capacities of 163 and 120 mAh g~ !,
respectively, being higher than those of NaVOP (147 mAh g~! for charging and 89 mAh g~! for discharging).
Also, KVOP exhibited better cycling performance (figure 3(c)) and rate capability (figure 3(d)). KVOP
maintained 106 mAh g~ after 150 cycles at 10 mA g, corresponding to 88% capacity retention, which was
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much higher than NaVOP (72 mAh g~!, 81% retention). In terms of rate performance, KVOP delivered 107,
91, 84, 76, 71, 64, 58 and 52 mAh g_1 at 25, 50, 100, 200, 300, 500, 750 and 1000 mA g_l, respectively, and
retained 97 mAh g~ ! when being cycled back to 25 mA g~!. In contrast, NaVOP showed significant capacity
fading from 71 to 41 mAh g~! when the current density increased from 25 to 200 mA g~ '. Moreover,

<30 mAh g~! was remained at higher current densities (>>750 mA g~!). The GCD profiles at various current
densities are shown in figure S3, where KVOP was able to maintain an average discharge voltage of 3.2 V even
at 1000 mA g~!. Furthermore, KVOP exhibited excellent long-term cyclability, retaining 91.4 mAh g~! (91%
capacity retention) after 1000 cycles at 100 mA g~! (figure 2(e)). Therefore, KVOP completely outperformed
NaVOP in reversible capacity, rate capability and cyclability. Compared to previously reported vanadyl
phosphates, the KVOP cathode in this work exhibits one of the best performances (table S2), without
needing to use carbon coating/composites or nanostructure engineering. As a demonstrator of high-loading
electrode performance, KVOP electrode with a mass loading of 6 mg cm~2 were prepared and tested at 10
and 100 mA g~ ! (figure S4). It delivered the discharge capacities of 102/95 mAh g~! for the 1st/2nd cycle at
10 mA g~ !, being ~85% of the low-loading electrode shown in figure 3(b). Discharge capacity dropped to
82 mAh g~! at 100 mA g™, being ~82% of the low-loading electrode at the same current density in

figure 3(d). Given the high loading of 6 mg cm ™2, the capacities kept reasonably well.

The CV and GCD profiles strongly suggest that the intercalation processes of KVOP and NaVOP are
highly similar, and therefore, the presence of K+ between the VOP layers should have a crucial role in
improving Na storage performance. Thus, we drew our attention to the K/Na (de)intercalation processes of
the samples by measuring the K/Na content (normalized to P) in the KVOP and NaVOP cathodes at various
states of charge and discharge. The states of interest are illustrated in figures 4(a) and (b) for KVOP and
NaVOP, respectively, and the measurement was carried out using both MP-AES (figures 4(c) and (d)) and
EDS (tables S3, S4 and figures S5, S6). The results of the two measurements agreed with each other. As shown
in figure 4(c), the K content in KVOP decreases from 0.72 per formula in the pristine state to 0.09 per
formula at the end of the 1st charge (1st 4.3 V), meaning 87.5% of K™ is extracted. It is interesting that, in
the following discharge to 2.0 V (1st 2.0 V), Na content significantly increases to 0.93 (~90% Na
intercalation per formula), but no obvious K intercalation is observed as K content remains unchanged.
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Thus, KT-Na* exchange occurs in the initial cycle, and ~0.1 K per formula stays in the interlayer space,
which effectively results in Kq;NagoVOP being the working cathode material. The deintercalated K stays in
the electrolyte and does not intercalate back into KVOP, which has been seen in previous work [49]. This is
further supported by the ~90% Na deintercalation per formula at the end of the following charge (2nd

4.3 V) and the almost unchanged K content (0.08 per formula). The results suggest that Na dominates the
(de)intercalation process in KVOP, contributing a capacity equivalent to ~0.9 Na per formula, and the
residual 0.1 K after the initial charge does not participate in the (de)intercalation process but acts as ‘pillars’
in the interlayer space, which facilitates Na intercalation (will be further discussed later). Compared to
KVOP, NaVOP shows an expected Na (de)intercalation process (figure 4(d)) without the presence of K in
the cell. Na content decreases to 0.43 per formula after initial charge (1st 4.3 V), increases to ~1.0 after the
initial discharge (1st 2.0 V), and falls back to 0.45 after the following charge (2nd 4.3 V), giving rise to ~0.6
Na intercalation per formula wand ~0.4 Na being ‘stuck’ between the VOP layers. It can be concluded that
the residual K (~0.1 per formula) between the VOP layers leads to the formation of Ky ;Nay 9 VOP after the
initial cycle and improves Na storage, resulting in a higher amount of reversible Na intercalation in
Ko.1Nag s VOP than NaVOP (0.9 vs. 0.6 per formula) and thus a higher reversible capacity (106 vs.

72 mAh g—!). Furthermore, due to the larger size of KT than Na™, the residual 0.1 K not only expands
interlayer spacing but also keeps it expanded during cycles, and as a result, better Na diffusion kinetics is
obtained in Ko ;NagoVOP compared to NaVOP, leading to enhanced rate capability. Based on the above
discussion, the reaction mechanism of KVOP can be described by equations (1) and (2), and the reaction
mechanism of NaVOP can be described by equations (3) and (4)

First charge : Ko77VOPO, — 0.67K™ — 0.67¢~ — K, VOPOy (1)
Following charge/discharge : Ky ; VOPO, + 0.9Na™ 4+ 0.9¢™ +> Nag 9Ky ; VOPO, (2)
First charge : Nag.9,VOPO, — 0.52Na™ — 0.52e~ — Nag 4 VOPO, (3)
Following charge/discharge : Nay ,VOPO, + 0.6Na™ 4 0.6e~ + Na; VOPO,. (4)

We then investigated the interlayer spacing change of the two samples during the initial cycles
(figures 5(a) and (c)) to further illustrate the role of the residual K in KVOP. As shown in figure 5(b), the
(001) peak of KVOP slightly shifts from 14.4° (d = 6.15 A) to 14.8° (d = 5.98 A) at the beginning of K
deintercalation (pristine — state 1), which is possibly due to the phase transition from a-KVOPO, to
a;-KVOPO, [40]. A shoulder peak at 13.6° (d = 6.48 A) can be detected, and its position is very close the
(001) peak of K 5sVOPO,-1.5H,0 (13.8°, d = 6.38 A, PDF#07-3345, figure S7), suggesting that a K-deficient
phase might start forming [50]. When further charged, the original (001) peak gradually disappears, and the
shoulder peak gradually becomes the dominant (001) peak while shifting to a lower angle, due to the
weakened electrostatic attraction between the VOPO, layers during K deintercalation. At the end of charge
(state 3), the (001) peak appears at 13.0° (d = 6.80 A), which is close to the de-potassiated K,VOPO,
reported in PIBs [40, 50]. During the following discharge (Na intercalation as discussed previously), the
(001) peak shifts back to 16.5° (d = 5.37 A, state 6), forming a Na-rich phase Ky ;NaggVOP [51]. The d value
is smaller than the one before cycling (d = 6.15 A) because of the smaller size of Na* than K*. In the
following charge (Na de-intercalation), the peak moves back to 13.0° (state 7), the same position at the end
of the first charge (state 3), which evidences the existence of the residual K™ in the interlayer space, even
though different cations are deintercalated during the first (K*) and second (Na™) charge. This in turn
solidifies the ‘pillar effect’ provided by the stable residual Kt and the resultant reversible ~0.9 Na
(de)intercalation per formula in KVOP (figure 4(c)). The XRD patterns of NaVOP are shown in figure 5(d).
During the initial charge (pristine — state 3), the strong (001) peak at 16.8° (d = 5.26 A) remains almost
unshifted. A weak peak at 13.6° (d = 6.54 A), which is close to the (001) peak of Nay s VOPO,4-2H,0
(PDF#70-4607, figure S7), appears at state 2, and its intensity increases at state 3 (end of charge). The
splitting of the peaks indicates that two phases, possibly a Na-rich phase and a Na-deficient phase, may form
and be present throughout Na deintercalation [13, 52], which echoes the observation of the incomplete Na
deintercalation (figure 4(d)), ~0.4 Na per formula being ‘stuck’ in the interlayer space. In the following
discharge (state 3 — state 6) and charge (state 6 — state 7), the peak at 13.6° reversibly decreases (discharge)
and increases (charge), corresponding to the reversible disappearance and appearance of the second phase,
respectively. Despite that KVOP and NaVOP show somewhat reversible XRD peak shifts, it is worth
emphasizing that KVOP has a larger interlayer space than NaVOP at both end-charge (6.80 A vs. 6.54/5.26 A)
and end-discharge states (5.37 A vs. 5.26 A), which once again proves the advantage of KVOP over NaVOP in
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Figure 5. (a) and (c) Illustrations of the charge and discharge states of interest and (b) and (d) the corresponding XRD patterns of

terms of delivering a higher reversible Na capacity and realizing better Na diffusion kinetics, due to the stable

residual K in the former, i.e. the “pillars’.

In addition, we carried out experiments to further verify the ‘pillar effect’ of K* by changing the amount
of residual K™ in the interlayer space. On the one hand, we lowered the cut-off charging voltage to 4.0 V to
retain more residual K, and on the other hand, we added a constant-voltage step after the constant-current
charge (CCCV) to 4.3 V so that more K™ can be extracted, i.e. less residual K is retained. With the cut-off
voltage at 4.0 V (figure 6(a)), both KVOP and NaVOP exhibited lower initial capacities of 111 and
70 mAh g~ !, respectively, compared to the cut-off voltage of 4.3 V (figure 3(b)), because less K™ and Na™
deintercalated and thus less Na™ intercalated afterwards. The fact that KVOP delivered a higher capacity than
NaVOP throughout cycles shows that increasing residual K™ in KVOP has the same beneficial role in
increasing Na intercalation capacity compared to NaVOP. As shown in figure 6(b), adding a constant-voltage
charging step results in a reduced K/P ratio in KVOP (0.06 at CCCV vs. 0.09 at CC, table S3) and Na/P ratio
in NaVOP (0.35 at CCCV vs. 0.43 at CC, table S4), suggesting a reduced amount of residual K. Still, KVOP
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10 mA g~ (b) of KVOP and NaVOP. (c) Cycling performance over 50 cycles at both charging conditions.

delivered a higher discharge capacity than NaVOP (130 vs. 92 mAh g~!), with the capacity being close to its
theoretical capacity (assuming le transfer per KVOPOy). The increase in capacity sustained in the following
cycle (figure S8) and over 50 cycles (figure 6(c)) at both charging conditions. Therefore, the additional
experiments verify that the beneficial role of the residual K in KVOP in improving Na storage compared to
NaVOP is not dependent on the amount of the residual KT,

Moreover, we carried out measurements to investigate electrochemical kinetics, further demonstrating
the enhancement enabled by the ‘pillar effect’ of K+ in KVOP for Na storage. CV tests at various scan rates
from 0.02 to 0.5 mV s~ ! were carried out to obtain the diffusion coefficient of KVOP and NaVOP
(figures 7(a) and (b)). All the reduction and oxidation peaks were identifiable and reversible with no obvious
peak shape change, showing no significant side reactions during the Na (de)intercalation at high scan rates
[53]. The potential differences of the reduction/oxidation peaks increased to a small extent when increasing
the scan rate. The linear relationship between the peak current and the square root of the scan rate was fitted
by the Randles-Sevcik equation (figures 7(c) and (d)). The diffusion coefficients of KVOP were calculated to
be 4.8 x 10712 and 2.4 x 10712 cm? s™! for the reduction and oxidation peaks, respectively, which were 4—6
times higher than those of NaVOP, being 1.1 x 10~!2 (reduction) and 3.8 x 10~!* cm? s~! (oxidation). The
linear relationship between the log (peak current) and log (scan rate) was fitted to obtain b values
(figures 7(e) and (f)). KVOP and NaVOP showed similar b values of 0.74/0.72 and 0.76/0.71 for reduction
and oxidation peaks, respectively, suggesting the Na storage process between the two samples are similar and
not altered by the ‘pillar effect’. Additionally, diffusion coefficients were measured by GITT (figures 7(g)
and (h)). In general, KVOP exhibited smaller overpotentials than NaVOP, especially at the sloping plateau
region. The diffusion coefficient of KVOP was calculated (figure S9) in the range of 1071°-107'2 cm? s !,
which was about one magnitude higher than that of NaVOP (107!'=107!* cm? s™1). The results of diffusion
coefficient from CV and GITT agree reasonably well with each other. Therefore, the enlarged interlayer space
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Figure 7. (a) and (b) CV curves at various scan rates, (c) and (d) the corresponding linear fitting between the peak current and
the square root of the scan rate, and (e) and (f) between log peak current and log scan rate of (a), (c) and (e) KVOP and (b), (d)
and (f) NaVOP. GITT curves and the calculated diffusion coefficients of KVOP and NaVOP during (g) charge and (h) discharge.

due to the “pillar effect’ of the residual K™ can facilitate Na™ diffusion in KVOP, leading to an enhanced rate
capability in comparison to NaVOP.

Finally, we demonstrated the application of KVOP as a SIB cathode in full-cells (figure S10) by paring it
with hard carbon (HC). The KVOP||HC full-cell delivered initial charge and discharge capacities of 187 and
125 mAh g~ ! at 10 mA g™, respectively (figure S8(b)). A sloping discharge plateau within 3.9-3.0 V was
observed. The capacity is comparable to the KVOP half-cell capacity, and the sloping discharge plateau is in a
reasonable voltage range, considering the charge voltage of HC. In term of cycling stability, the full-cell was
able to retain 107 mAh g™ after 150 cycles at 10 mA g~ ', corresponding to a capacity retention of 86%. In
addition, the full cell delivered discharge capacities of 94, 81, 74, 68, 64, 59 and 54 mAh gfl at 25, 50, 100,
200, 300, 500, and 750 mA gfl, respectively. Comparing to the half-cell, the capacities were ~10% less at the
current densities between 25-200 mA g~ ! and kept well at the current density of 300 mA g~ ! onwards.

With the above results and discussion, we illustrate in figure 8 the benefit of using KVOP as a SIB cathode
in comparison to using NaVOP. In the case of NaVOP (figure 8(b)), due to the smaller initial interlayer
spacing (d) and sluggish Na™ diffusion, it is suffered from incomplete Na deintercalation in the initial
charge, which results in a lower capacity and worse rate capability compared to KVOP (figures 3(c) and (d)).
In contrast, KVOP has a larger initial d, and more K deintercalated from KVOP in the initial charge than
Na™ from NaVOP (figure 8(a)), which allows more Na™ to reversibly (de)intercalate in the following cycles
(figures 4(c) and (d)). The performance enhancement of KVOP is originated from ~0.1 K per formula
remaining between the VOP layers after the initial charge, essentially acting as ‘pillars’ to expand d at both
charged and discharged states, whereas, despite there is Na™ remaining between the VOP layers due to the
incomplete Na deintercalation, the smaller size of Na* than K* cannot expand d in NaVOP to the same
extent as in KVOP (figures 5(b) and (d)). Therefore, introducing K* into layer-structured cathode materials
of SIBs can be a facile and effective approach to boost Na storage performance.
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Figure 8. Schematic illustration of Na/K (de)intercalation in KVOP (a) and NaVOP (b) when both are used as cathode materials
in SIBs.

4, Conclusions

In summary, we carried out a study on the electrochemical performance, cation intercalation mechanism,
interlayer spacing evolution and cation diffusion kinetics of the KVOP cathode to understand how the
presence of larger sized KT effects the storage and kinetics of smaller sized Na™ in SIBs. Our study reveals
that the residual K* between the VOP layers after the initial charge process induces a “pillar effect’ that keeps
the interlayer spacing expanded throughout the following Na (de)intercalation process. This not only
increases reversible Na storage capacity but also improves Na diffusion kinetics. Owing to the effect, KVOP
outperformed NaVOP in terms of reversible capacity and rate capability. VOPOy, is a promising SIB cathode
material due to its layered structure, and interlayer engineering is an effective way to enhance its
performance; however, the straightforwardness of interlayer engineering is crucial. This work does not follow
mainstream approaches and provides an interesting one to ‘in-situ’ engineer the interlayer of VOP via
introducing a larger sized ion into interlayer space of the pristine material and utilize the large size of the ion
to assist the intercalation and diffusion of a smaller sized ion; the readiness of our approach is evidenced. We
believe our approach could be general to other ion batteries based on intercalation chemistry, particularly the
batteries that face the challenges of insufficient ion accessibility and slow ion diffusion, such as
multivalent-ion batteries.
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