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Abstract: 
Transition metal sulfides are promising high capacity anodes for sodium-ion batteries in terms 
of the conversion reaction with multiple alkali metal ions. Nonetheless, some inherent 
challenges such as sluggish sodium ion diffusion kinetics, large volume change, and poor cycle 
stability limit their implementation. Addressing these issues necessitates a comprehensive 
understanding   the complex sodium ion storage mechanism particularly at the initial cycle. 
Here, taking nickel subsulfide as a model material, we reveal the complicated conversion 
reaction mechanism upon the first cycle by combining in operando 2D transmission X-ray 
microscopy with X-ray absorption spectroscopy, ex-situ 3D nano-tomography, high-energy X-ray 
diffraction and electrochemical impedance spectroscopy. This study demonstrates that the 
microstructure evolution, inherent slow sodium ions diffusion kinetics, and slow ion mobility at 
the two-phase interface contribute to the high irreversible capacity upon the first cycle. Such 
understandings are critical for developing the conversion reaction materials with the desired 
electrochemical activity and stability.  
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1. Introduction 
The expanding application of lithium-ion batteries (LIBs) in electric vehicle and energy 

storage systems brings increasing concerns regarding the lithium source sustainability and cost. 
Sodium-ion batteries (SIBs) are the promising alternative system to LIBs dues to the similar 
chemical properties and their advantages of the cost and the large abundance of sodium 
element on earth.[1] In spite of the significant advances, SIBs suffer many obstacles to be the 
commercial application, one of which is the limited choice of anode materials.[2] Currently, low-
cost graphite is the predominant anode material in LIBs because lithium ions can reversibilly 
intercalate into graphite to form a LiC6 graphite intercalation compound, which provides a 
reversible capacity of ~340 mAh/g with superior stability.[3] Unfortunately, compared to lithium, 
sodium ions are difficult to be intercalated into common graphite as early proved.[4] Even 
though hard carbon, extended graphite and carbon fibers could be anode materials for SIBs as 
reported by Dahn’s group, the reversible capacity of these materials is only up to 250-280 
mAh/g.[5]  

Recently, the transition metal sulfides MSx (M = Fe, Co, Ni, Mn, Cu, etc.) have been 
developed as anode materials for SIBs.[6] Unlike the graphite with an intercalation reaction 
mechanism, these materials exhibit a conversion reaction mechanism during sodiation and 
desodiation process, which can yield a high capacity with a multiple sodium ions 
accommodation into these materials.[4] Nonetheless, the reaction mechanism, whether these 
metal sulfides are converted to Na2S and the transition metal or the transition metal can 
accommodate to Na to combine with conversion reaction, remains unclear.[7] Despite the 
intensive efforts on understanding the metal sulfides reaction mechanisms,[8] there are still 
some unclear issues need to be understood, including slow kinetic problems in terms of both 
electrochemistry and mass transportation, large volume change, and the possible dissolution of 
the metal sulfide materials during the electrochemical reaction process.[9]  
 

In this study, the in operando transmission X-ray microscopy (TXM) technique has been 
used to directly visualize the phase transformation and two-dimensional (2D) morphology 
evolution during the first charge-discharge process. Phase transformation mechanism was 
observed directly through TXM with X-ray absorption near edge spectroscopy (XANES) 
technique. Quantification analysis of the 3D microstructural evolution via synchrotron-based X-
ray nano-tomography comprehensively reveals the irreversible capacity and the inherent 
kinetic process combined with ex situ electrochemical impedance spectroscopy (EIS). The 
crystal structural evolution is comprehensively understood through in operando high-energy X-



ray diffraction technique (HEXRD) during the first sodiation process and ex situ X-ray absorption 
spectroscopy after sodiation and desodiation.  
 
2. Results and Discussion  
2.1 In operando two-dimensional morphology and chemical phase evolution 
Figure 1 a, b illustrate the in operando 2D chemical phase mappings of the nickel subsulfide 
(Ni3S2) during the first discharge and charge processes through the TXM technique.[10] The 2D 
chemical phase mapping were obtained through the linear relationship between state-of-
charge (SOC) and the Ni absorption edge position as shown in Figure S1 and S2 during the 
sodiation-desodiation process based on the following reaction upon the discharge process: 

Ni3S2 + xNa+ + xe- → 3Ni + 2Nax/2S, in which x stands for the number of conversion sodium ions 
during the first sodiation process (x=0 for the pristine Ni3S2, and x=4 for fully discharged 
electrode).[11] The X-ray absorption features at Ni K-edge in the sulfide materials have been 
shown Figure S2 to be approximately linearly correlated to SOC with a slight deviation from 
linearity as some small error in the SOC calculation, which will not affect any observations of 
the phase conversion and microstructure evolution mainly discussed in this work. Upon the first 
discharge, the material exhibits a core-shell reaction mechanism, in which phase 
transformation started from the edge of the particle, and then proceeded to the internal area 
gradually. Between the two phases, there is a clearly interphase, where the rate of 
electrochemical sodiation reaction is higher than that of ions transfer, indicating a slow ions 
mobility in the bulk structure. However, some cracks appeared after further conversion 
reaction due to the volume expansion as marked in Figure 1a, which will be discussed later in 
details. After that, the sodiation reaction further occurred from the crack areas, leading to the 
pulverization of the primary particle. At the same time, new solid electrolyte interphase (SEI) 
formed around the crack areas which could consume the sodium ions and electrolyte, resulting 
in an increasing irreversible capacity. Unlike the sodiation process, complying with a core-shell 
phase model, the electrochemical de-sodiation reaction occurs homogeneously because there 
are more reaction interfaces caused by the preformed cracks during the sodiation process.[10] 
At the end of first charge process (corresponding to a specific capacity of 408 mAh/g), the 
morphology/volume and chemical state of the charged-state particles could not completely 
reverse back to the pristine state, which could be caused by the formation of the SEI during the 
sodiation process and the trapped sodium ions in the bulks due to the slow sodium ions 
diffusion. 
 



To further visualize the morphology changes clearly, the in operando raw images directly 
collected by TXM technique are shown in Figure 2. The dashed arrows in Figure 2a-d mark the 
cracks in the bulks show the dynamic crack formation and expansion after sodium intercalation. 
Figure 2e-h illustrate the crack shrinkage and even nearly disappeared during the de-sodiation 
process as marked using dashed arrow in Figure 2h. Interestingly, new cracks were formed 
again due to the increasing internal stress in the bulk upon the shrinkage as marked in the 
Figure 2f, g using dashed ellipse.  
 

Figure 3 shows the quantification composition analysis of the chemical phase at the first 
cycle in the selected area. Figure 3a illustrates the selected area marked as the dashed circle at 
five states of the TXM-XANES chemical phase mapping upon the first discharge. The average 
XANES of these selected areas is shown in Figure 3b, and the insert shows the enlarged the Ni 
absorption K-edge change during the sodiation. Through the linear fitting method as mentioned 
above and the experimental section, the calculated average composition (number x in per unit 
cell) of the sodium ions in the selected area is shown in Figure 3c. The x value of the selected 
area is not completely corresponded to the corresponding battery SOC, which suggests a 
nonhomogeneous reaction mechanism at the particle level. However, upon the first 
desodiation (Figure S3), even though the chemical state or chemical phase could not transform 
completely back to the pristine phase, the composition evolution of the selected area can 
nearly be identical to the battery SOC (the x value shows nearly linearity), indicating a 
homogeneous reaction mechanism during the de-sodiation process. The interesting 
phenomena can be attributed to the inner crack formation during the sodiation process, which 
provides more surface area for the electrolyte and sodium diffusion to achieve homogeneous 
desodiation. It should be mentioned that these new cracks in the bulk could also consume more 
sodium ions during the following discharge process. However, this unique phenomenon gives 
us some ideas to design novel anode materials with more pore structures (cracks or pores) to 
obtain better electrochemical reversible properties.  
 
2.2 Chemical phase transformation and morphology analysis on three-dimensional 
To further observe the internal structural information, we performed X-ray nanotomography 
study on the particles with selected SOCs, as shown in Figure 4a. There is clearly phase contrast 
between the sodiated and de-sodiated material or between different Ni oxidation states as 
shown in the raw images in Figure 2 and the reconstructed xy plane slices video (video S2). 
Therefore, we can identify the state of reaction (sodiated or de-sodiated) just through the 
image contrast. The bulk particle was split into six pieces to extract these five slices out for 



analysis as shown in Figure 4a. Figure 4b, c show the gray value changes along with the dashed 
arrow in the third and fourth slice, respectively. The gray value vibrates a lot inside the particle, 
which means Ni oxidation state along with the arrows is not a simple core-shell reaction model 
and sodiation also occurs inside of the particles. All these phenomena demonstrated a ‘digging’ 
reaction mechanism, which means sodiation reaction starts from one spot at the edge of the 
particle to the core of the particle as marked in Figure 4b (slice 3), combining with core-shell 
reaction model. Therefore, using the 3D nano-tomography technique, we eliminated the depth 
effect along the synchrotron X-ray beam direction and observed the internal reaction 
mechanism for the metal-sulfide conversion reaction materials.  
 

To understand the phase distribution in 3D space, we performed the TXM-XANES chemical 
phase mapping on the partially sodiated Ni3S2 particles at different angles as shown in Figure 5 
(from i to v with the total range of 100 degrees). The 3D rendering particle images at different 
angles obtained by the gray value are shown in Figure 5a (i-v). The corresponding 2D chemical 
phase mapping at each angle (Figure 5b) was obtained by the pixel-by-pixel fitting of two 
reference samples using a linear combination of two attenuation value. It can be clearly seen 
that the phase distribution in two-dimensional is significantly different at the various angles. In 
the direction of perpendicular to the particle plane (Figure 5b, ii), the concentration of 
sodiation phase reduced from the edge to core as the dashed arrow shown in Figure 5c (ii). It 
can be observed that the phase transformation occurs homogenously when discharged to 0.75 
V, which is relevant to the improved specific surface area due to the formed cracks in the 
particle by the contrast analysis of the 3D reconstructed data as proved in Figure 4.  
 
2.3 Crystal structure evolution mechanism 
Figure 6 shows in operando HEXRD results during the first sodiation process. At the beginning of 
the discharge process, the Ni3S2 exhibits the negligible phase change, which may be due to the 
formation of solid electrolyte interphase without sodiation reaction.[12] After discharged to 0.75 
V, the intensity of Ni3S2 peaks is dramatically dropped as marked by an arrow, indicating a 
conversion reaction mechanism from Ni3S2 phase to Ni and Li2S.[13] Moreover, the diffraction 
peaks broaden a lot as marked with dash ellipse at end of first discharge process, indicating the 
decrease of crystallinity apart from the reducing particle size which is well agree with the TXM 
2D chemical mapping and 3D tomography results. It appears that the XANES spectra of Ni3S2 
shifts 1.5 eV to the lower energy (see Figure 7a) at Ni K-edge, indicating that the material 
decomposes into Ni metal after sodiation which is consistent with the in operando HEXRD 
results. Furthermore, the XANES spectra of Ni3S2 electrode at first charge process shows 



significantly difference from that of pristine material, illustrating a different chemical oxidation 
state of Ni element due to the serious first electrochemical and structural irreversibility in the 
first cycling. Fourier-transformed extended X-ray absorption fine structure (EXAFS) data at Ni K-
edge provide the qualitative information on the local environments of Ni.[14] As shown in Figure 
7b, the strong peak at ~2.0 Å in Ni K-edge EXAFS spectra indicates the Ni-S interactions, and the 
peak location shows a decrease from ~2.12 Å (0 Na insertion) to ~1.97 Å (~4 Na insertion) after 
the first discharge process. The first-shell model fitting results (Figure S4, Table 1) further reveal 
the decrease of Ni-S bond length with cycling, and the structure change indicates that the nickel 
particles formed initially have a large lattice volume, which can also be attributed to the 
pulverization and disorder confirmed by in operando HEXRD experiments for the materials 
during the discharge conversion process.[15].  
 
2.4 Electrochemical reaction kinetics 
Electrochemical impedance spectroscopy (EIS) of a typical Na|Ni3S2 coin cell at various voltages 
as shown in Figure 8 indicates the electrochemical reaction kinetics during the first sodiation 
process. When discharged to 0.79 V from the open circuit voltage, the EIS spectrum shows a 
semicircle in the high-frequency region, which is assigned to the charge transfer resistance (Rct), 
and an inclined line in the low-frequency region. The intercept at the Z’ axis in high frequency is 
the ohmic resistance (Rs) of the battery between negative and positive electrode. The 
equivalent circuit of the battery before discharged to 0.79 V was shown in Figure 8b. However, 
another semicircle at low-frequency area emerges with further sodiation process, which is due 
to the cracks and pulverization of the Ni3S2 after sodiation, corresponding to Rct2 as shown in 
Figure 8c. Furthermore, the EIS spectra of the first charged state goes back to one smaller 
semicircle than that of OCV at the high-frequency area as shown in Figure 8a, indicating the 
faster sodium ion diffusion kinetics into the particles after cracking and pulverization.  

The electrochemical reaction mechanism of Ni3S2 anode for sodium-ion battery during the 
first sodiation and desodiation processes on the microsize particle level is schematically 
illustrated in Figure 9. At the beginning of sodiation, the Ni3S2 particle shows a “core-shell” 
phase reaction model. There is crack formation in the particle due to the increasing internal 
stress caused by the volume expansion with further sodiation reaction. Then a “digging” 
reaction model shows up along with these cracks until fully sodiation with more cracks. 
However, upon the desodiation, the particle exhibits a homogenous reaction mechanism due to 
more reaction interfaces provided by the cracks formed during the sodiation process. With 
further desodiation, some cracks disappear due to the volume shrinkage and new cracks form 
at the same time due to the increasing internal stress caused by volume shrinkage.  



 
3. Conclusions 
In summary, the irreversible capacity and morphology changes of metal sulfides were studied 
by the combination of the operando TXM-XANES 2D phase mappings and ex situ X-ray nano-
tomography techniques to obtain the spatial phase mappings and structural information. The 
conversion reaction mechanism and microstructural changes upon the first sodiation process 
are also investigated by the operando HEXRD. First-shell model EXAFS fitting of charged and 
discharged states upon the first cycle shows microstructural irreversibility of the nickel 
subsulfide anode after electrochemical reaction. The instability of nickel subsulfide during 
cycling caused by cracks and pulverization of the material is proved by the EIS results at various 
voltage upon the first cycle. These understandings can help explore the high-energy anode 
materials with conversion reaction mechanism through materials design and optimization.  
 
4. Experiment section: 
Materials and electrochemical tests: The nickel subsulfide Ni3S2 (150 mesh) was obtained from 
Sigma-Aldrich without further pre-treatment or purification. Electrochemical tests were 
performed on CR2032-type coin cells by a multichannel potentiostat (Biologic VMP3) controlled 
by EC-Lab software. The electrodes consist of 80 wt% active materials, 10 wt% carbon black, 
and 10 wt% PVDF binder. The coin cells were assembled in an argon-filled glovebox with both 
moisture and oxygen levels less than 0.5 ppm using the 1 M NaPF6 in a solvent of PC as the 
electrolyte. All the cells used for this article were cycled at the rate of around 1/20 C at room 
temperature. The in operando HEXRD experiment was performed on a traditional 2032-type 
coin cell with 3 mm diameters Kapton windows, at beamline 11-ID-C of Advanced Photon 
Source (APS), Argonne National Laboratory (ANL). The ex situ XAS experiments were taken at 
beamline 9-BM-B of APS, ANL.  
In operando 2D TXM experiment: In operando 2D TXM experiments were performed on a 
traditional 2032-type coin cell with 3 mm diameters Kapton windows, at beamline 8-BM-B of 
APS, ANL, as a transition program at the National Synchrotron Light Source II (NSLS II), 
Brookhaven National Laboratory (BNL). These electrodes in the coin cells for in operando tests 
were made of 40 wt% active materials, 40 wt% carbon black, and 20 wt% binder (PVDF). Thin 
carbon papers were used as current collectors for the Ni3S2 electrodes. It should be noted that 
hard X-rays can transmit though the carbon, contained carbon black and carbon papers, and 
binder. Therefore, these inactive materials, which are necessary for battery manufacturers, 
could not be recorded on the TXM. The cell was fixed in a battery holder mounted on a 
motorized stage with X, Y, Z, and θ dimension and aligned to let X-ray transmit through. The cell 



was continuously cycled at a rate of ca. 1/10 C during the absorption-contrast and background 
images were collected under dynamic conditions. A 2 k × 2 k CCD camera with a field of view of 
40 × 40 µm2 was used. To record the phase transformations in the material, a full series of 
XANES images were collected at every state of charge. The full XANES images were collected by 
scanning Ni K-edge (8,333 eV) from 8,313 to 8,413 eV at each 2 eV, which generated 512 × 512 
XANES spectra with 4 × 4 binned pixels, corresponding to ~80 nm output pixel size. The 
exposure time for each XANES image was 15 s. Three areas and one reference background area 
were recorded at each state of charge. 
3D nano-tomography: The 3D nano-tomography at selected stated were collected at the 
photon energy of 8,359 eV to obtain the best image contrast compared to other energy around 
Ni K-edge. 2D projections were collected over a complete angular range (±90°) with 2 × 2 
binned pixels which generated 1024 × 1024 pixels. The exposure time for each 2D projection 
was the 20s. The 3D nano-tomography was reconstructed using 1081 2D projections to obtain a 
good spatial resolution.  
TXM chemical mapping: Customized program (Matlab, R2011b) developed in house was used 
to analyze all the XANES data.[16] Firstly, the background TXM images collected at every energy 
were applied on all the corresponding sample XANES images. Then, we can extract the full 
XANES spectrum (x-ray intensity v.s. energy) for each pixel. Based on Beer’s Law, the 
attenuation coefficient µ for the given phase and thickness t could be defined as:  
𝐼𝐼
𝐼𝐼0

= exp(−𝜇𝜇(𝐸𝐸)𝑡𝑡) =  exp(−𝜇𝜇𝑁𝑁𝑁𝑁3𝑆𝑆2𝑡𝑡𝑁𝑁𝑁𝑁3𝑆𝑆2) ∙ exp(−𝜇𝜇𝑁𝑁𝑁𝑁𝑡𝑡𝑁𝑁𝑁𝑁)                                                              (1) 

where I0 is the incident X-ray intensity and I is corresponding X-ray intensity after the 
attenuating phase. Note that µ is a function of energy and can be attributed to two phases: 
Ni3S2 and Ni (the fully discharged phase). 
The scaled -ln(I/I0) at each of the 512 x 512 pixels was then fitted with the linear combination of 
two µ values. The ratio of the weighting factor is analogous to the thickness fraction and 
therefore represents their volume fraction. 

−ln � 𝐼𝐼
𝐼𝐼0
� = 𝜇𝜇𝑁𝑁𝑁𝑁3𝑆𝑆2𝑡𝑡𝑁𝑁𝑁𝑁3𝑆𝑆2 + 𝜇𝜇𝑁𝑁𝑁𝑁3𝑆𝑆2𝑡𝑡𝑁𝑁𝑁𝑁3𝑆𝑆2                                                                                        (2) 

The spectrum fitting was carried out by minimizing the measure of misfit (R value) for each 
spectrum at each pixel, which is defined as: 

𝑅𝑅 = ∑ (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)2/∑ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑2𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸

𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸                                                                                        (3) 

where Ei is 8,313 eV, Ef is 8,413 eV, dataE is the normalized spectrum for the given energy E at 
each pixel, and refE is the possible fitting reference value that is a linear combination of X-ray 
attenuation of the pristine Ni3S2 and the fully discharged phase Ni. 



The pristine Ni3S2, and Ni (fully discharged material) were selected as the reference materials 
for the fitting results.  
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Figure 1. In operando two-dimensional chemical phases mapping during the first (a) discharge 
and (b) charge processes at the current rate of 0.05 C. The voltage at bottom of each image 
shows the corresponding SOC of the electrode. Scale bar: 10 μm.  
 
  



 
Figure 2. The in operando 2D TXM images upon first (a-d) discharge and (e-h) charge. The 
voltage at bottom of each image shows the corresponding SOC of the electrode. Scale bar: 10 
μm. 
  



 
Figure 3. Quantification analysis of the select area during the first cycle. (a) Selected area of the 
2D TXM-XANES chemical phase mappings during sodiation process. Scale bar: 10 μm. (b) The 
average XANES spectra at selected states and (c) corresponding to Na ions content in per cell 
unit in the first discharge process. (d) The average XANES spectra at selected states and (e) 
corresponding to Na ions content in per cell unit in the first charge process.  
  



 
Figure 4. (a) Ex situ 3D morphology evolution at various discharged state (i-iv) open circuit 
voltage, 0.83 V, 0.75 V, fully discharged. (b) Inside analysis of the 3D nanotomography sample 
at the state of discharged to 0.75 V. Split up the particle along with 1-5 plane and extracted the 
five slices as shown on right. Scale bar: The gray value along with black dashed arrows in the 
slice (c) 3 and (d) 4. 
  



 
Figure 5. Quantification analysis of the selected SOC at the different rotation angle. (a) The 3D 
nano-tomography of the sample discharged to 0.75 V at the view of the different angle, (i) -50°, 
(ii) -25°, (iii) 0°, (iv) 25°, (v) 50°. (b) The 2D TXM-XANES phase mapping at the corresponding 
angle. (c) The quantification analysis of the selected positions at the 2D TXM-XANES phase 
mappings. Scale bar: 10 μm. 
  



 
Figure 6. In operando HEXRD during the first sodiation process. The first five figures show the 
diffraction peaks changes at various angles. The Ni3S2 diffraction peaks are marked with arrows. 
The last figure illustrates the corresponding discharge profile during the operando experiment.  
  



 
Figure 7. X-ray absorption analysis of the Ni3S2 electrode. (a) The XANES spectra of Ni3S2 
electrode at different state: pristine, first discharged, and first charged. (b) The magnitude of 
the Fourier transform of pristine Ni3S2, first discharged, and first charged electrode.  
 
  



 
Figure 8. (a) EIS spectra of Ni3S2 electrode at different states during the first discharge process, 
(b) and (c) the equivalent circuits of the battery.  
  



 
Figure 9. Schematic illustration of the electrochemical reaction mechanism of microsize Ni3S2 
anode for sodium-ion battery during the first sodiation and desodiation processes.  
  



Table 1. Parameters resulting from the fitting of Ni K-edge spectra of Ni3S2 electrode at 
different states.  
 Ni-S(1) 

(Å) 
Ni-S(2) 
(Å) 

Ni-Ni(1) 
(Å) 

Ni-Ni(2) 
(Å) 

Ni-Ni1 
(Å) 

R-factor 
(%) 

Pristine 2.1204(6) 2.1589(6) 2.4005(7) 2.4360(7) - 0.5429 
1st discharge 2.0742(2) 2.1127(2) 2.3379(7) 2.3734(7) 2.2806(7) 0.2789 
1st charge 1.9716(6) 2.0101(6) 2.3332(5) 2.3687(5) - 0.1586 
 
 


