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Figure S1. Rietveld refinements of a) NAFO-0.52 and b) NAFO-0.75 powder diffractograms shown here are 

used to calculate the Fe site occupancy.

a

b
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Figure S2: a*-axis view of NAFO-0.52, showing the O3-Na bond used to calculate the conduction plane thickness. 

The calculated bond distances are outlined in Table S1. [Na (yellow), O (gray) Al (blue) Fe (red)]

Table S1. Bond lengths from O3 on the edge of the spinel block to Na in the center of the conduction plane (Figure 

S2) for NAFO-0.52, NAFO-0.75, and undoped Na1.77Al11O17 for reference.

Composition O3 to Na1 bond length [Å]

Na1.77Al11O17 
a 2.54

NAFO-0.52 2.44

NAFO-0.75 2.14

a From single crystal measurements 1

Table S2. Inductively coupled plasma mass spectrometry (ICP-MS) measurements on NAFO-0.52 and NAFO-0.75 

highlighting the similar Fe:Al molar ratios to those calculated through Rietveld refinement (Table 1).

Sample Iron [wt. %] Aluminum [wt. %] Average FexAly 
molar ratio

Average* stdev Average* stdev x y
NAFO-0.52 31.32 1.44 15.91 0.87 0.49 0.51
NAFO-0.75 47.92 1.03 6.55 0.27 0.78 0.22

*Each sample was done in triplicated measurements with background correction. 
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Figure S3. 57Fe Mössbauer spectrum of NAFO-0.52, recorded at 298 K and evaluated with 4 Lorentzian 

shaped doublets. The Fe occupancy obtained from Mössbauer fitting closely matches Fe occupancy 

obtained through Rietveld refinement and suggests that Fe is in the 3+ valence state after synthesis.

Table S3. Fe site occupancy of NAFO-0.52 as determined by Mössbauer spectroscopy.

Site

(coordination)a
Isomer Shift [mm s-1]

Quadrupole Splitting 

[mm s-1]
Amount [%]

1 (O) 0.299 0.661 50

2 (T) 0.286 1.270 10

3 (T) 0.295 0.941 17

4 (O) 0.256 0.369 23

a Coordination is either octahedral (O) or tetrahedral (T) for Fe sites.
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a b

Figure S4: a) 57Fe Mössbauer spectrum of NAFO-0.75 powder, recorded at 298 K and evaluated with an exact 

line shape full static Hamiltonian approach and b) and a hyperfine field distribution approach. The fittings 

utilized 5 components: one paramagnetic doublet octahedral site (Oct-para), two identical octahedral sties with 

hyperfine field distributions (Oct-HFD), and two tetrahedral sites (Tet-1 and Tet-2). Due to the low resolution 

of the spectra and the complicated nature of magnetic interactions within the structure, site occupancy 

calculations were not possible.

Mössbauer Spectroscopy
57Fe Mossbauer spectroscopy was performed in an attempt to determine the valence state of Fe in 

the NAFO-0.52 and -0.75 as-synthesized materials. The main component of the NAFO-0.52 

Mössbauer spectrum (Figure S3) corresponds to Fe3+ in a regular octahedral coordination, site 

1(O) in Table S3, based on the quadrupole splitting value of ~ 0.6 mm s-1. The second octahedral 

component, site 4(O) in Table S3, with a distinctly lower occupancy has a somewhat more 

distorted local distortion environment. On the two tetrahedral sites, site 2 and 3 in Table S3, both 

have lower Fe3+ occupancy than the octahedral sites with a larger locally distorted environment 

for site 2(T) than site 3(T). Thus, a fairly good agreement between iron site population by 

Mössbauer spectroscopy (Table S3) and Rietveld refinement (Table 1) is obtained despite the 

errors associated with the large overlap of individual components in the Mössbauer spectrum. 
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The higher Fe content NAFO-0.75 displays a much more complicated 57Fe Mössbauer spectrum 

due to the observed magnetic hyperfine interactions at room temperature. Figure S4 displays the 

two attempted fittings of the NAFO-0.75 Mössbauer spectrum based on a classical Hamiltonian 

approach with Lorentzian shaped lines and a hyperfine field distribution approach. Adequate 

refinements were achieved using four magnetic split sextets for Fe3+ (two ascribed to the octahedral 

and two to the tetrahedral sites based on the Mössbauer parameters). Additionally, one 

paramagnetic doublet, which is low in relative area fraction, is ascribed to Fe3+ in octahedral 

coordination. There is no firm evidence for the presence of Fe2+. As only four sites are available 

in the structure, but a minimum of 5 components are needed for adequate refinement, it was 

assumed that two of the magnetic split components both belong to Fe3+ in the same octahedral site. 

The paramagnetic doublet site is ascribed to the other octahedral site which shows mainly an 

occupation with Al3+. Due to the low Fe content at this site, the magnetic super-exchange is most 

likely hindered. For the two remaining magnetic components, the refined isomer shift clearly 

indicates tetrahedral coordination although the quadrupole splitting is high. This may suggest that 

there is a distorted Fe tetrahedral site, but also may be due to an artefact because of the high 

correlation between the internal magnetic field Hf,eq. Based on the low resolution and magnetic 

hyperfine distribution effects, observed in the broad resonance absorption lines, more detailed 

refinement and site occupancy calculations were not possible. 

Diffusion Coefficient Calculation

The diffusion coefficient was calculated from the ionic conductivity to compare the 

diffusion coefficient of NAFO-0.52 to other high-rate electrode materials. The Nernst-Einstein 

relation can be used to calculate a Na+ diffusion coefficient through the bulk of the material as2

 Eq. S1𝐷𝑁𝑎 + =
𝜎𝑏,𝑁𝑎 + 𝑅𝑇

𝐶𝑁𝑎 + 𝐹2

where R is the gas constant, T is temperature,  is the molar concentration of Na+ per unit 𝑐𝑁𝑎 +

volume obtained from Rietveld refinement, and F is Faraday’s constant. The diffusion coefficient 

of Na+ in NAFO-0.52 is calculated to be 9 x 10−8 cm2 s-1, well surpassing the diffusion coefficient 

of ~10-10 cm2 s-1 typically observed in  NASICON type materials3 (for Na3V2(PO4)3, 10-10 𝐷𝑁𝑎 + ≈

cm2 s-1 REF 4 and for NaTi2(PO4)3,  10-12- 10-13 cm2 s-1 REF 5). 𝐷𝑁𝑎 + ≈
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Table S4. Conductivities and diffusion coefficients of materials discussed throughout the text. 

Conductivity [S cm-1]
Material

Ionic Electronic

Diffusion Coefficient 

[cm2 s-1]
Test environment, technique

Electrolyte, 

Electrode
REF

Na3V2(PO4)3@C/G
--- ---

4.59 x 10−10 25 °C; 1 M NaClO4 in EC/DEC 

(1:2; v/v) with 2 vol.% FEC, EIS
Electrode 4

P2-Na2/3Ni1/3Mn1/3 

Ti1/3O2
--- --- 10−10 - 10−9

RT, 1M NaClO4 in EC/DEC (1:1; 

v/v) with 5 vol.% FEC, GITT
Electrode 6

Na3V2(PO4)3 ~10-6.5 ---
6×10−13 –  2×10−15 

cm2 s-1

-   Polycrystalline, RT, EIS

-   RT, 1 M NaPF6 in propylene 

carbonate (PC), GITT

Electrode 7,8

Na3Fe2(PO4)3 --- --- 2.4 × 10−8 cm2 s−1
RT, 1M NaClO4 in EC/DMC (1:1; 

v/v), CV
Electrode 9

Na3Fe2(PO4)P2O7@ 

RGO
--- ---

1 × 10−11 – 5 × 10−10  

cm2 s−1

RT, 1M NaClO4 in EC/DEC (1:1; 

v/v) 5% FEC, GITT
Electrode 10

NaTi2(PO4)3 --- --- ~4 × 10−15 cm2 s-1
RT, 1M NaClO4 in EC/DMC (1:1; 

v/v), CV
Electrode 11

T-Nb2O5 --- 3 x 10-5 ---
Polycrystalline 300K, four-point 

probe
Electrode 12

TiO2(B) --- 8 x 10−5 ---
Polycrystalline, Room 

Temperature
Electrode 13

Na1 + xTi2 − xAlx(PO4)3

x = 0.6 – 0.9
1.3 x 10-7 --- --- Polycrystalline, RT Electrolyte 14

Na1+x Zr2P3−xSixO12

0 ≤ x ≤ 3
6.7 × 10−4 --- ---

Polycrystalline, Room 

Temperature, EIS
Electrolyte 15

Na3.1Zr1.95Mg0.05Si2PO

12
~3.5 × 10−3 --- ~5 × 10−8

Polycrystalline, Room 

Temperature, EIS, CV
Electrolyte 16

Li3N 6.6 x 10-4 --- --- Polycrystalline at 25 °C, EIS Electrolyte 17

Na1.67Li0.33Al11O17 1 x 10-3 --- --- Polycrystalline β" at 25 °C Electrolyte 18

NAFO-0.52 1.7 x 10-3 1.2 x 10-7 9 x 10−8 Polycrystalline 25 °C, EIS Electrode
This 

work
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Figure S5. a) Galvanostatic cycling of Ketjen black:PVDF 80:20 electrode with ~0.5 mg cm-2 loading on 

Cu at a current of 0.15, 0.30, 0.74, 0.49, and 2.98 A g-1. The capacity obtained from Ketjen black at each 

applied current density is used to obtain a logarithmic fit. (b) The logarithmic equation is then used to 

calculate the capacity from carbon at the current density applied to the composite electrode. The capacity 

from carbon is then subtracted from the composite electrode to obtain only the capacity from the active 

material (Figure 4).

a b
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Table S5. Na and Fe atom % determined by energy dispersive X-ray analysis on ex-situ NAFO-0.52 

electrodes (pristine, cycled to 2.5 V, and cycled to 0.2 V). Electrodes were soaked in DMC and dried in an 

Ar atmosphere prior to measurements. Average atom % is used to calculate an average Na:Fe ratio for each 

electrode. The difference between the Na:Fe ratio in the electrode cycled to 2.5 V and 0.2 V is used to 

calculate the mol Na inserted per formula unit into NAFO-0.52 with 5.72 mol Fe per formula unit. The 

amount of Na in the pristine electrode is calculated for comparison.

Pristine Cycled to 2.5 V Cycled to 0.2 V

EDX Map # Element Atom %

Fe 5.15 1.77 4.71
Map 1

Na 1.83 5.92 12.03

Fe 5.01 1.31 3.59
Map 2

Na 1.86 3.91 11.25

Fe 3.86 1.64 3.49
Map 3

Na 1.66 4.85 12.11

Fe 4.81 2.64 --
Map 4

Na 1.72 7.96 --

Fe -- 3.29 --
Map 5

Na -- 9.51 --

Fe -- 3.29 --
Map 6

Na -- 10.2 --

Fe -- 4..93 --
Map 7

Na -- 8.70 --

Average Na:Fe 0.37 2.71 3.00

Calculated mol Na inserted 

based on 5.72 Fe per 

formula unit

2.13 1.67
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Figure S6. Change in charge stored with voltage during galvanostatic cycling, dQ/dV, for NAFO-0.52 at 

charge rates of C/2, 1C, and 5C, displaying the broad redox peak between 0.3 and 1.2 V vs Na/Na+ similar 

to that observed in cyclic voltammetry (Figure 5a). 

(1 0 10) (0 2 10)

Kapton tape Cu

Figure S7. Comparison of the X-ray diffraction pattern of a pristine, uncycled electrode and electrodes 

galvanostatically cycled to 0.2 V (1st cycle) and 2.5 V vs Na/Na+  (10th cycle). The shifts in peak positions 

indicate a compression of the unit cell upon Na removal to 2.5 V and expansion of the unit cell upon Na 

insertion to 0.2 V, highlighted by the vertical lines at the (1 0 10) and (0 2 10) reflections and corresponding 

shifts of the 0.2 and 2.5 V reflections. The 0.2 V diffraction pattern demonstrates that there is no obvious 

structural breakdown or conversion reaction that occurs at low voltages such as the formation of Fe2O3 or 
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Na-metal. The small peak at ~32° 2  reveals that a small amount of the β" phase has been converted to the 𝜃

β phase, which does not appear to significantly affect cycling behavior due to the capacity retention and 

high Coulombic efficiency (Figure S9).

Table S6. Lattice parameters of NAFO-0.52 before cycling and after 10 cycles at 1C, highlighting the 

structural stability after sodium insertion and de-insertion.

Lattice Parameter Pristine 10 cycles at 1C

a [Å] 5.79 5.79

c [Å] 34.66 34.75

V [Å³] 1007.32 1007.51

Figure S8. a) Electrochemical impedance spectroscopy (EIS) of an NAFO-0.52 vs Na metal coin-cell with 

corresponding equivalent circuit fitting (shown in the inset). EIS spectra were obtained after holding for 30 

min at the indicated voltage to reach an equilibrium state. Throughout cycling, the cell resistance Rcell and 

charge transfer resistance RCT remain stable (b), suggesting the absence of interfacial reactions or secondary 

phase formation.

R
CT

R
Cell

a
b
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Figure S9. NAFO-0.52 galvanostatic cycling sodiation (blue) and desodiation (pink) capacity at a 1C-rate 

(after galvanostatic rate cycling shown in Figure 5a) with corresponding Coulombic efficiency (yellow), 

indicating > 95 % capacity retention over 50 cycles and > 99 % efficiency. 

Figure S10. Cyclic voltammetry of NAFO-0.52 from 0.1mV s-1 to 10 mV s-1.
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Step Potential Electrochemical Spectroscopy 

In order to gain more quantitative insight into the nature of the capacitive vs diffusion controlled 

currents, step potential electrochemical spectroscopy (SPECS) can be used to model the capacitive 

and diffusion-controlled currents at each potential.19,20 In this method, a 10 mV potential step is 

applied and the current response is measured while holding at that potential for an equilibration 

period of 300 seconds. This is repeated throughout the entire potential window such that each 

potential step can be taken as a jump in voltage from an equilibrium current value. The current 

response can then be modeled using two capacitive current models, a diffusion-limited current 

model, and a residual current based on the small but non-zero current value after 300 seconds. The 

two modeled capacitive currents represent the geometric capacitive current ig [A g-1] (from the 

electrode-electrolyte surface) and the porous capacitive current ip [A g-1] (from the internal 

interfaces of the electrode):

, Eq. S2a𝑖𝑔 =
∆𝐸
𝑅1

exp ( ―
𝑡

𝑅1𝐶1)
, Eq. S2b𝑖𝑝 =

∆𝐸
𝑅2

exp ( ―
𝑡

𝑅2𝐶2)

where  is the voltage step size [V], R is resistance [ ], C is capacitance [F g-1], and t is time ∆𝐸 Ω ∙ g

[s]. The diffusion-controlled current can be modeled from the Cottrell equation for semi-infinite 

planar diffusion21:

 [A g-1] Eq. S3𝑖𝑑 =  
𝐵

𝑡1/2

where B is a fitting parameter. The total current at each voltage step can then be taken as

, Eq. S4𝑖𝑇𝑜𝑡𝑎𝑙 = 𝑖𝑔 + 𝑖𝑝 + 𝑖𝑑 + 𝑖𝑟

where  [A g-1] is the residual current. Given this model of a time-dependent current response 𝑖𝑟

throughout the voltage window, the current response can then be reevaluated at an assumed sweep 

rate to give a calculated cyclic voltammogram.22 The reconstructed CV of NAFO-0.52 at 0.01 mV 

s-1 is shown in Figure S11a, demonstrating the high values of  (the capacitive current within the 𝑖𝑝

electrode) throughout the redox process from 0.5 to 1.2 V vs Na/Na+. Comparing the calculated 

SPECS voltammogram at 0.001 mV s-1 and the experimental data collected at a sweep rate of 0.1 
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mV s-1, the SPECS analysis does an excellent job of capturing the electrochemical features of the 

Fe3+/Fe2+ redox. An example of a modeled current response is shown in Figure S11b and c. 

Now, with experimental CV measurements at sweep rates from 0.1 to 1.0 mV s-1 (Figure 5a), k1/k2 

analysis was performed to compare the percentage of surface controlled vs. diffusion controlled 

current responses in NAFO-0.52.23,24 In k1/k2 analysis, the relationship between current  and sweep 𝑖

rate  in surface- ( ) and diffusion-controlled ( ) mechanisms are qualitatively 𝑣 𝑖 ∝ 𝜈 𝑖 ∝ 𝜈1/2

compared through the proportionality constants k1 and k2 as:23

.  Eq. S5𝑖(𝑣) = 𝑘1𝑣 + 𝑘2𝑣1/2

Similarly, for reconstructed CVs from SPECS analysis at 0.01 and 0.1 mV s-1, modeled capacitive 

currents (Figure S11) were taken throughout the voltage window as the capacitive percentage of 

the total current :𝑖𝑇𝑜𝑡𝑎𝑙

% surface-controlled ,   Eq. S6 =
𝑖𝑔 + 𝑖𝑝

𝑖𝑇𝑜𝑡𝑎𝑙

where  is the geometric capacitive current and  is the porous capacitive current. The breakdown 𝑖𝑔 𝑖𝑝

of contributions of diffusion and capacitive controlled currents are shown in Figure S12a, ranging 

from 81% capacitive-current at 0.01 mV s-1 from SPECS analysis to 94% capacitive-current at 1.0 

mV s-1 from k1/k2 analysis. The % capacitive current obtained from SPECS analysis at 0.1 mV s-1 

corresponds relatively well to that obtained from cyclic voltammetry at the same rate (91 vs 83%, 

respectively). The corresponding CV at 1.0 mV s-1 with the capacitive current region, k1 , shaded 𝑣

is displayed in Figure S12b. SPECS analysis allows for reconstruction of CVs at sweep rates 

slower than practically obtained though CV. Thus at 0.01 mV s-1, an 81% capacitive current is 

close to that of an of intrinsic material property without limitations in charge storage that occur 

when fast sweep rates inflate the capacitive contribution. 
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Figure S11 a.) Reconstruction of cyclic voltammetry currents at 0.01 mV s-1 based on step-potential electrochemical 

spectroscopy (SPECS) analysis where  is the geometric capacitance current,  is the porous capacitance current,  𝑖𝑔 𝑖𝑝 𝑖𝑑

is the diffusion controlled current and  is the residual current. The high calculated current values of porous 𝑖𝑟

capacitance within the redox active voltage region (~0.3-1.2 V vs Na/Na+) confirms the pseudocapacitive nature of 

the redox process. b) Current decay profile over 300s after a 10 mV voltage step to hold at 0.84 V vs Na/Na+. Currents 

from SPECS fitting model are shown where  is the geometric capacitive current,  is the porous capacitive current, 𝑖𝑔 𝑖𝑝

 is the diffusion-controlled current,  is the residual current, and  is the sum of the modeled currents. c) A 𝑖𝑑 𝑖𝑟 𝑖𝑡𝑜𝑡𝑎𝑙

a b

c
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zoomed-in view of the first 50 seconds displaying the short response time for capacitive currents, < 5 s for  and < 𝑖𝑔

30 s for  , compared to the longer response times for the diffusion controlled current.𝑖𝑝

 

Figure S12. a) Percent capacitive, diffusional, and residual currents of a NAFO-0.52 composite electrode as 

determined by SPECS and k1/k2 analysis.  b) k1/k2 analysis of NAFO-0.52 results in a 94% capacitive current at a scan 

rate of 1.0 mV s-1.

a b
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Table S7. Select data for comparison of normalized capacity in Figure 6.
Material Approx. C-rate

0.5 1 2 5 10 20
Loading 

(mg/cm2)
REF

Na3V2(PO4)3 94 91 80 44 -- -- ~1.5 8

Na3(VO)2(PO4)2F 130 126 123 108 -- -- ~3 25

P2 - 

Na2/3Mn0.8Fe0.1Ti0.1O2
-- 93 -- 62 46 -- ~ 1 26

NaTi2(PO4)3 -- 68 45 25 -- -- 2-3 11

Na3Fe2(PO4)P2O7 51 46 -- 40 27 18 ~3-4 10

NAFO-0.52 67 65 63 59 55 48 1-2
This 

work
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