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12 ABSTRACT: Sodium-ion batteries are considered as a favorable alternative to the widely
13 used lithium-ion batteries for applications such as grid-scale energy storage. However, to meet
14 the energy density and reliability that is necessary, electrodes that are structurally stable and
15 well characterized during electrochemical cycling need to be developed. Here, we report on
16 how the applied discharge current rate influences the structural evolution of
17 Na0.67Mn0.8Mg0.2O2 electrode materials. A combination of ex situ and in situ X-ray diffraction
18 (XRD) data were used to probe the structural transitions at the discharged state and during
19 charge/discharge. Ex situ data shows a two-phase electrode at the discharged state comprised
20 of phases that adopt Cmcm and P63/mmc symmetries at the 100 mA/g rate but a
21 predominantly P63/mmc electrode at 200 and 400 mA/g rates. In situ synchrotron XRD data
22 at 100 mA/g shows a solely P63/mmc electrode when 12 mA/g charge and 100 mA/g
23 discharge is used even though ex situ XRD data shows the presence of both Cmcm and P63/
24 mmc phases. The in situ data allows the Na site occupancy evolution to be determined as well
25 as the rate of lattice expansion and contraction. Electrochemically, lower applied discharge
26 currents, e.g., 100 mA/g, produce better capacity than higher applied currents, e.g., 400 mA/g, and this is related in part to the
27 quantity of the Cmcm phase that is formed near the discharged state during a two-phase reaction (via ex situ measurements), with
28 lower rates producing more of this Cmcm phase. Thus, producing more Cmcm phase allows access to higher capacities while
29 higher rates show a lower utilization of the cathode during discharge as less (if any) Cmcm phase is formed. Therefore, this work
30 shows how structural transitions can depend on the electrochemically applied current which has significant ramifications on how
31 sodium-ion batteries, and batteries in general, are analyzed for performance during operation.

32 ■ INTRODUCTION
33 Sodium-ion batteries (NIBs) are currently being reinvestigated
34 following their inception in 1980s1 due to the increasing energy
35 demand and the requirement to find alternatives to Li-ion
36 storage. This requirement is further motivated by the elevated
37 price of Li as well as the relatively limited and politically
38 controlled character of Li-sources.2,3 Sodium-ion batteries have
39 the potential to be perfect candidates for the next generation of
40 batteries due to their high abundance (6th most abundant
41 element in Earth) and wide distribution, giving them excellent
42 economic viability. Notably, Na-ion batteries may find
43 important use in large-scale grid systems (where energy density
44 is a less prominent factor) which store energy from renewable
45 and intermittent sources such as solar and wind.
46 Currently, cathode materials for NIBs are the most actively
47 researched. Structures that form layered oxides, of the type
48 NayMO2 (where M is a first-row transition metal or a
49 combination of transition metals), are shown to be promising

50cathode materials for Na-ion batteries due to their high
51reversible capacity, and for M = Fe and Mn, cost and safety.2−4

52These materials share many common features with their Li-
53counterparts despite the larger size of Na. Sodium layered
54oxides are typically identified using Delmas’ notation5 P2, P3,
55O3, etc., where P and O indicate the Na sites (P = trigonal
56prismatic and O = octahedral) and the number relates to the
57transition metal layers within the unit cell. From this
58classification, numerous studies have been reported for P2-
59type NayMO2 materials demonstrating their higher capacities,
60diffusion rate, and better cyclability than that of the O3
61structure.6

62In 1999, Paulsen and Dahn reported an exhaustive study on
63P2-sodium manganese oxide compounds7 after reports from
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64 Parant et al., two decades prior, first showed evidence of this
65 phase while elucidating the phase diagram of NaxMnO2.

8 Even
66 then, these authors anticipated that Li and transition metal
67 doping in P2-NayMnxMzO2 reduces the Mn3+ Jahn−Teller
68 distortion which in turn, increases its temperature stability
69 range. Billaud et al. more recently reported the P2-type
70 Na0.67Mn1−xMgxO2 material, where 0 ≤ x ≤ 0.2, exhibits a
71 capacity of 175 mA h/g with excellent capacity retention. They
72 attributed the high cycle efficiency to the Mg dopant, albeit
73 with the trade-off of less capacity (150 mA h/g for
74 Na0.67Mn0.8Mg0.2O2).

9 Furthermore, Mg prevented Mn3+/
75 Mn4+ ordering within the structure during charge/discharge
76 which was reflected in a reduction of the sharp drops of voltage
77 in the electrochemical curves. Shortly after, Yabuuchi et al.
78 reported on the performance of P2-type Na2/3Mg0.28Mn0.72O2,
79 showing capacities (>200 mA h/g)10 higher than those
80 expected for the Mn3+/Mn4+ redox couple. A possible
81 explanation given for these results was a reversible oxygen
82 redox reaction, analogous to O3-type lithium-excess manganese
83 oxides.11 This material, however, showed poor cyclability with a
84 drop in capacity to 150 mA h/g after just 30 cycles.
85 To our knowledge, there are few reports in the literature
86 showing enhanced fast-rate performance in sodium layered
87 cathode materials. Kim et al. reported superior rate capability
88 for Na0.85Li0.17Ni0.21Mn0.64O2 (a capacity of 65 mA h g−1 at a
89 rate of 25 C).12 More recently, Komaba and co-workers
90 reported a large reversible capacity (>100 mA h/g) for
91 NaFe1/2Co1/2O2 after 50 cycles for a 30 C rate (7.23 A/g) in
92 the voltage range, 2.5−4 V.13

93 Here, we report variable-rate discharge cycling studies on P2-
94 Na0.67Mn0.8Mg0.2O2 electrodes. Galvanostatic measurements
95 coupled with in situ and ex situ X-ray diffraction (XRD) data
96 have been used to demonstrate the effects of the current in the
97 electrochemical performance of this material which, in turn, is
98 intrinsically related to the structural phases observed during
99 cycling.

100 ■ EXPERIMENTAL SECTION
101 Electrochemical performance of Na0.67Mn0.8Mg0.2O2 has been
102 evaluated using CR2032 coin cells. Electrode active materials were
103 mixed with carbon black as conductive agent and polyvinylidene
104 fluoride (PVDF) as binder in a 80:10:10 ratio. The slurry of the
105 composite was made by using N-methylpyrrolidone (NMP), and then,
106 the mixture was coated on aluminum foil which acts as current
107 collector. Coated aluminum foils were dried at 120 °C for 2 h in a
108 vacuum oven. Electrodes of 12 mm diameter were punched out of the
109 coated foil and pressed under a load of 4 tons. After pressing the
110 electrodes, these were again dried in a vacuum oven at 120 °C for 2 h.
111 1 M NaPF6 in ethylene carbonate and propyl carbonate (EC/PC, 1:1
112 vol %) was used as electrolyte, and sodium metal was used as reference
113 electrode. Galvanostatic cycling was performed in the voltage region of
114 1.5−4 V on a Maccor battery tester. Charging of all samples was
115 performed at 12 mA/g, and discharging was performed at different
116 rates, viz., 100, 200, and 400 mA/g. Initially, variable electrode loading
117 was used (e.g., 1.1, 3.2, and 1.1 mg for 100, 200, and 400 mA/g
118 discharge rates, respectively; see Figures S1 and S2); however, for
119 better comparison between applied current rates, electrode loadings
120 were kept consistent at 4.3 ± 0.5 mg. Extended galvanostatic cycling
121 for 100 charge/discharge cycles was undertaken with the above
122 discharge rates, and cells were opened in the discharged state (i.e.,
123 ∼1.5 V) at the end of 100 cycles. Electrode loadings for these cells at
124 the 100 and 400 mA/g discharge rate were 1.1 and 3.2 mg for the 200
125 mA/g discharge rate. Coated Al foils were washed with electrolyte
126 solvent and dried inside the glovebox. Al foils with electrode were
127 mounted on the sample holder and covered with the Kapton foil

128before collecting XRD data. XRD data were collected using Cu Kα
129radiation on a Bruker D8 Advance X-ray diffractometer equipped with
130a LYNXEYE detector. The discharged state of electrodes extracted
131from in situ cells (see below) at the charge rate of 12 mA/g and
132discharge rates of 100 and 200 mA/g were collected using a
133PANalytical Empyrean diffractometer with Cu Kα radiation. Electro-
134des were mounted in an airtight dome sample holder inside the
135glovebox and transferred to the instrument. Two x ≤ 0.5 (vertical) and
1364 x ≤ 0.5 (vertical) mm incoming X-ray slits were used for this
137experiment, and further details are presented in the Discussion section
138of this work.
139An alternative method to prepare samples for ex situ diffraction
140measurements on the first charge/discharge was used to increase the
141quantity of the active material in the X-ray beam and thus improve
142XRD signal. Pellets of active material, super S carbon, and Kynar Flex
1432801 (a copolymer based on PVDF) binder in a mass ratio of 75:18:7
144were used, and after cycling, the electrodes were washed and dried in a
145similar manner to the coated electrodes. The extracted powders were
146then transferred to 0.5 mm glass capillaries. Ex situ powder XRD
147measurements for the first cycle were performed on a Stoe STADI/P
148diffractometer operating in capillary mode, with FeKα1 radiation (λ =
1491.936 Å), and data were collected overnight. Rietveld refinements of
150the structural models and XRD data were carried out using the
151program Topas Academic.14

152The positive electrodes for in situ measurements were manufactured
153by mixing 80% wt. Na0.67Mn0.8Mg0.2O2 active material, 10% wt.
154conductive carbon (Super C65), and 10% wt. PVDF. A few mL of
155NMP were added, and the resulting slurry was stirred for 1 h. This
156slurry was then coated on an aluminum foil using similar techniques to
157that described above. Coin cells with 3 mm diameter holes in the
158casing and 5 mm diameter holes in the stainless spacer were used for
159the construction of the coin cells for the in situ measurements. The
160coin cells contained Na metal (∼1 mm thickness), glass fiber separator
161with 1 M NaClO4 in EC/PC (1:1 wt %) electrolyte solution. In situ
162synchrotron X-ray diffraction experiments were performed within 1−2
163days after cell construction. Further details regarding coin cell
164construction and beamline setup can be found in refs 15−20.
165For the electrochemical tests in coin cells, the electrode loadings
166were kept consistent at 4.3 ± 0.5 mg for the discharging rates of 100,
167200, and 400 mAh/g. It is worthwhile to note that NaClO4 electrolyte
168can be dangerous as it is sensitive to shocks, and for the development
169of commercial batteries, an alternative electrolyte is preferable. Note
170that following the drying step under vacuum, the samples were
171minimally exposed to air (<1 min) if at all. If transportation of samples
172or electrodes was required, they were transported in inert conditions
173and further dried under vacuum prior to cell construction. This was to
174avoid CO2 and moisture uptake into these samples as recently
175evidenced.21

176In situ synchrotron XRD data were collected on the Powder
177Diffraction beamline22 at the Australian Synchrotron with a λ of
1780.68954(2) Å, determined using the NIST 660b LaB6 standard
179reference material. Data were collected continuously in 4.4 min
180acquisitions on the coin cell in transmission geometry throughout the
181charge/discharge cycles. The coin cells were first charged to 4 V at 12
182mA/g, then discharged to 1.5 V at 100 mA/g, and charged again to 4 V
183at 12 mA/g. This corresponds to 0.1−0.2 C on charge and ∼1 C on
184discharge, and the electrode loading was 3 mg. Rietveld refinements
185were carried out using the GSAS23 software suite with the EXPGUI24

186software interface.

187■ RESULTS AND DISCUSSION
188Electrochemical Performance of Na0.67Mg0.2Mn0.8O2 at
189Different Rates of Discharge. Galvanostatic charge/
190discharge curves of the samples at various discharge rates are
191 f1shown in Figure 1. During the first charge, which corresponds
192to the extraction of sodium from Na0.67Mg0.2Mn0.8O2, the
193Mn3+/Mn4+ oxidation process leads to a charging capacity of
194∼35 mAh/g. During the first discharge, which corresponds to
195sodium insertion into NaxMg0.2Mn0.8O2, due to the presence of
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196 the sodium metal as the source of the sodium ions, a greater
197 amount of sodium ions is inserted into the structure compared
198 to the amount extracted during first charge. This leads to high
199 discharge/charge capacities on the second cycle and subsequent
200 cycling. Interestingly, independent of the discharge rate, a large
201 voltage plateau was observed below 2.0 V that contributes
202 significantly to the total capacity.
203 Cycling performance of the material at different rates of

f2 204 discharge is shown in Figure 2 with two different electrode
205 loadings. Samples were discharged at 100 (low), 200
206 (moderate), and 400 mA/g (high) rates. Comparing the rates
207 of discharge, the measured capacity from the highest to lowest
208 follows 100 mA/g > 200 mA/g > 400 mA/g using both
209 electrode loads. After 30 cycles at the 4.3 ± 0.5 mg electrode
210 loading, the capacity using discharge rates of 100, 200, and 400
211 mA/g was 125, 120, and 114 mAh/g, respectively. The
212 observed capacities at these discharge rates are similar which
213 suggest changes when increasing applied discharge rate.
214 The data presented here are from reproducible cells with
215 very similar electrode loading. We note, however, that there is
216 variation during cell construction (e.g., calandering of the foils
217 and loading density) which does impact electrochemical

218performance and cannot be completely neglected. It is
219interesting to note that one series of cells appeared to show
220optimal performance at the 200 mA/g discharge rate; however,
221on further analysis, this appeared to be a result of the electrode
222loading (see Figures S1 and S2). In any case, in order to
223understand the mechanisms responsible for the current-rate
224dependent behavior, we have analyzed the samples by ex situ X-
225ray diffraction (XRD) after 1 and 100 cycles in the fully
226discharged state at different rates and in situ XRD with 12 mA/
227g charge and 100 mA/g discharge. The ex situ data essentially
228represent extracted data after charge/discharge cycling while
229the in situ data represent the optimal conditions found from the
230electrochemical results, Figures 1 and 2.
231Ex Situ Structural Analysis. XRD data were obtained from
232samples extracted at various points on the first charge−
233discharge cycle at a rate of 10 mA/g. Rietveld refinement of
234structural models with the data from all points on the first
235charge revealed that the hexagonal P2 structure (space group
236P63/mmc) was maintained to full charge, with no formation of
237the OP4 phase which is observed for lower Mg contents.9 A
238smooth contraction in Mn(Mg)−O bond lengths was observed
239on sodium extraction accompanying a contraction in a and
240expansion in c lattice parameters. The plateau around 2 V on
241discharge is associated with a transition to an orthorhombic
242 f3phase (space group Cmcm). A profile fit is shown in Figure 3,
243 t1and refined parameters are given in Table 1. It should be noted

Figure 1. Potential profiles of the Na0.67Mn0.8Mg0.2O2 electrode
charged at 12 mA/g and discharged at (a) 100, (b) 200, and (c) 400
mA/g. Profiles from the 5th to 30th cycles are shown.

Figure 2. Capacity retention at 12 mA/g charge and 100, 200, and 400
mA/g discharge rates for electrode loading of 4.3 ± 0.5 mg.

Figure 3. Fitted powder XRD pattern for Na0.92(1)Mn0.8Mg0.2O2 at the
end of 1st discharge. Dots represent the observed data, and the solid
line is the calculated pattern. The lower line is the difference/esd. Tick
marks indicate the allowed reflections.
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244 that the magnitude of the orthorhombic distortion at the end of
245 discharge is significantly smaller than that observed for lower
246 Mg contents.9 In addition, the Mn(Mg)−O bond lengths show
247 a smaller Jahn−Teller distortion with apical bond lengths of
248 2.102(11) Å and in-plane distances of 1.938(8) Å, compared to
249 2.345(3) and 1.936(2) Å for 5% Mg.
250 The key aspect the first cycle illustrated was the formation of
251 the orthorhombic Cmcm phase at 2 V (Table 1 and Figure 3).
252 To observe the discharged products in more detail, cells were
253 cycled 100 times and extracted at the end of discharge. Initial
254 comparison of the 002 type reflections as a function of
255 discharge rate shows obvious split reflections in the case of the
256 sample discharged at 100 mA/g while higher rates of discharge,

f4 257 200 and 400 mA/g, do not show obvious splitting (Figure 4a).
258 Rietveld analysis was used to model the phases, and the fit to
259 the data obtained from the sample discharged at 100 mA/g is
260 shown in Figure 4b with further structural details presented in

t2 261 Table 2. The amount of the Cmcm phase that forms at the end
262 of discharge decreases as the current rate is increased, with the
263 cell discharged at 400 mA/g showing a wholly P63/mmc
264 electrode. Therefore, there appears to be a current-dependent
265 formation of the Cmcm phase at the end of discharge with
266 slower current rates favoring the formation of this phase, while
267 higher current rates show a predominant P63/mmc phase.
268 In addition to the phase fractions and lattice parameters
269 presented in Table 2, refinements were performed to
270 approximate the sodium content in the respective phases. Na
271 content was found to increase from 0.68 to 0.75 in the P63/
272 mmc phase obtained after discharging at 400 mA/g to
273 discharging at 200 mA/g. This corresponds to the greater
274 capacity observed during cycling for discharge at 200 mA/g
275 compared to 400 mA/g.
276 Correlating the current-dependent formation of the Cmcm
277 phase (Figure 4) to the observed current-dependent electro-
278 chemical behavior (Figure 1), it appears that the formation of a
279 significant amount of the Cmcm phase at the end of discharge at
280 100 mA/g is desirable for the performance of these electrodes.
281 Electrochemically, there is insufficient charge transfer at the 200
282 and 400 mA/g rates to capture or extract the entire charge/
283 discharge capacity of the battery. At the discharge rates of 100
284 and 200 mA/g, there exists a mix of Cmcm and P63/mmc
285 phases, but the electrode would have sufficient time to relax or
286 phase separate during extraction and subsequent XRD data
287 analysis; therefore, in situ XRD was used to study the real-time
288 behavior of the electrode to determine the precise structural
289 evolution of the electrode at the 100 mA/g discharge rate.
290 In Situ Synchrotron XRD Structural Analysis at 200
291 mA/g Discharge. Initial Structural Characterization. The
292 cathode in the coin cell adopts a layered structure in the
293 hexagonal space group P63/mmc symmetry; a P2-type
294 structure25 and the reported structural model8,10 were used as
295 a starting point for analysis. No evidence of CO2 or water
296 uptake21 was found with the collected data. Other models, e.g.,
297 O3, were trialed but the P2-type structure gave the best fit.

298Reflections arising from the aluminum current collector and
299sodium anode were excluded as their positions did not overlap
300with many cathode reflections. The background, scale, and
301lattice parameters were refined initially, and the Mg/Mn site
302was modeled with 0.2/0.8 occupation. Two Na sites were
303present Na(1) with x = y = 0 and z = 1/4 and Na(2) with x =
3041/3, y = 2/3, and z = 3/4, and Na(1) shows lower occupancy
305than the Na(2) site. Atomic parameters were refined, starting
306with independently refined atomic displacement parameters
307(ADPs), oxygen z positional parameter, and sodium site
308occupancy factors (SOFs). Note, sodium ADPs and SOFs were

Table 1. Refined Crystallographic Parameters for Na0.92Mn0.8Mg0.2O2
a

atom Wyckoff symbol x/a y/b z/c SOF Biso

Na1 4c 0 0.310(2) 0.25 0.86(1) 1.2(−)
Na2 4c 0 0 0.25 0.055(8) 1.2(−)
Mn1/Mg1 4a 0 0 0 0.8/0.2 0.5(−)
O1 8f 0 0.655(2) 0.0907(10) 1 0.6(−)

aspace group Cmcm. a = 2.8944(6) Å, b = 5.3928(10) Å, c = 10.801(3) Å, Rwp = 4.80%, Re = 4.54%, Rp = 3.69%.

Figure 4. (a) The evolution of the 002 type reflection of extracted
electrodes at different discharge rates after 100 cycles of charge/
discharge. The two phase behavior is clearly evident during the 100
mA/g discharge while it is predominantly single phase for higher
discharging rates. (b) Rietveld refined fit of the P63/mmc and Cmcm
models and Al to the ex situ XRD data set of the 100 mA/g discharged
sample. Data are shown as crosses, the calculated Rietveld model as a
line through the data, and the difference between the data and the
model as the line below the data. The vertical reflection markers are
for the phases labeled. The inset in (b) shows the fit to the two
structural models.
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309 not simultaneously refined; SOFs were refined and fixed, and

310 then, the ADPs refined and fixed and so on. In conjunction,

311 profile terms were refined. The structural model fitted well with

312 the data but showed a large mismatch in the 100, 110, and 103

313 reflections. Fourier maps were used to illustrate what could

314 cause these mismatches. The difference Fourier map (observed
f5 315 − calculated) is shown in Figure 5a,b; in this case, the Na sites

316were set to 0, and the positive Fourier density is shown. There
317appears to be Fourier density around the Mn/Mg site and at
318the Na(1) and Na(2) sites, further confirming the P2 structure.
319Interestingly, the Fourier density on the Na(2) site has a
320distinct nonspherical shape suggesting that this site should be
321modeled using anisotropic ADPs or reflecting the disordered
322nature of this site.26 The inclusion of a preferred orientation
323term along the 100 axis (0.719(4)) improves the fit (see Figure
3245c,d), lowers the Na content on both sites to unrealistic values
325(Na(1) = 0.162(5) and Na(2) = 0.216(8)), and pushes the
326oxygen positional parameter to a very low value of z =
3270.0704(5) but has little influence on the other parameters. The
328final refined lattice and atomic parameters based on the fits
329without the preferred orientation term (Figure 5c) are shown in
330 t3Table 3.

331Phase Evolution. The phase evolution during charge/
332discharge/charge is predominantly solid solution with a small
333two-phase region or plateau (orange shading) as shown in
334 f6Figure 6 for the 002 and 110 reflections. On visual inspection,
335the electrode does not phase separate (e.g., both P63/mmc and
336Cmcm orthorhombic phases existing or transforming between
337each other) on discharge. During the solid solution regions, the
338changes in the 2θ-value of the 002 reflection are opposite to the
339changes in 110 reflection; e.g., as the 002 2θ-value increases, the
340110 2θ-value decreases. This suggests an anisotropic evolution
341of the lattice parameters within this Na composition.
342It is interesting to note that the Mg/Mn ordering observed
343by Yabuuchi et al.10 is observed in these data by the 1/3,1/3,0
344reflection. This ordering is persistent throughout the charge/
345discharge cycles (Figure 6c) suggesting that the Mg/Mn
346ordering does not change during cycling. Additionally, this
347ordering is observed in the first and second phase (discussed
348below). Note this reflection sits directly above the amorphous
349feature due to carbon black and PVDF in the electrode mix
350which reduces its signal-to-noise ratio.
351Taking a closer look at the two-phase region, using stacked
352 f7plots (Figure 7), the relative similarity of the two-phases

Table 2. Comparative Parameters from the Structural Analysis of Extracted Electrodes from the Discharged State Using
Different Current Rates

lattice parameters Cmcm lattice parameters P63/mmc

extracted from phase fraction Cmcm: P63/mmc a b C a c

12/100 mA/g 3.7(3):1 2.9081(4) 5.1848(9) 11.0354(7) 2.8726(9) 11.135(2)
12/200 mA/g 0.34(2):1 2.9080(5) 5.2336(7) 11.078(1) 2.9136(5) 11.1370(8)
12/400 mA/g 0.002(2):1 all P63/mmc 2.9177(3) 11.1690(4)

Figure 5. (a, b) The crystal structure of the cathode at OCP with
Fourier intensity illustrated when the Na occupancy is set to zero. Mn/
Mg is purple, oxygen is red, Fourier intensity is yellow, and the sites
are labeled. Rietveld refined fit of the structural model to the initial in
situ synchrotron XRD data set (c) without and (d) with a preferred
orientation term. Data are shown as crosses, the calculated Rietveld
model as a line through the data, and the difference between the data
and the model as the line below the data. The vertical reflection
markers are for P2-Na0.67Mn0.8Mg0.2O2 and the arrows indicate in (c)
the 100 and 110 reflections.

Table 3. Refined Crystallographic Parameters for
Na0.64(1)Mn0.8Mg0.2O2

atom Wyckoff x y Z SOF

isotropic
ADP

(×100)/Å2

Na(1) 2 0 0 0.25 0.240(6) 1.08a

Na(2) 2 1/3 2/3 0.75 0.40(1) 6.00a,b

Mn(1) 2 0 0 0 0.8 0.34a,c

Mg(1) 2 0 0 0 0.2 0.34a,c

O(1) 4 1/3 2/3 0.0803(5) 1 1.40a

aRefined alternatively to SOFs and refined and fixed. bCan be
modeled anisotropically as 2.01, 1.00, 0.0, 2.01, 0.0, 13.9. cConstrained
to be equal. Space group = P63/mmc, in Figure 5c, without preferred
orientation 34 refinement parameters, χ2 = 1.63, Rp = 2.57%, wRp =
3.78%, a = 2.8717(1), c = 11.1811(2) Å.
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353 becomes more apparent. The two-phases adopt the same
354 symmetry and feature only subtle differences in the atomic
355 parameters, predominantly sodium content similar to findings
356 for LiCoO2

27,28 and Na3−yV2O2(PO4)2F
18,19 where two-phase

357 regions are characterized by Na/Li-rich and Na/Li-poor phases.
358 Note the first phase disappears with minimal change in 2θ-value

359(or lattice parameters; see red arrow in Figure 7) while the
360second phase appears and shows a small change in 2θ-value
361(see purple arrow in Figure 7) during the two-phase region.
362The change in 2θ-value is minute but suggests a simultaneous
363presence of multiple phase transitions, two-phase and solid

Figure 6. Selected 2θ regions of in situ synchrotron XRD data
highlighting the evolution of the (a) 002, (b) 110, and (c) 1/3,1/3,0
(Mn/Mg ordering10) reflections by a color scale and the potential
profile (right). The orange shaded box highlights the two-phase region
showing the disappearance and appearance of reflections.

Figure 7. Snapshots via a stacked plot of the in situ data of the (a) 002
and (b) 106, 110, and 008, 112 reflections with time shown on the
right-hand side of each graph. The red arrows indicate the
disappearance of reflections from initial phase (phase 1), and the
purple reflections are the new reflections which show subtle changes in
the 2θ-value during the same region.
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364 solution, similar to that observed recently by in situ neutron
365 powder diffraction experiments with LiFePO4 cathodes.

29 Note
366 the simultaneous phase transition region is very small in this
367 cathode.
368 Detailed Structural Evolution during Battery Function. For
369 the sequential refinements, 4 sections were defined. The first
370 section until the two-phase reaction begins (half-filled symbols

f8 371 in Figure 8) corresponds to charge, discharge, and part of the
372 subsequent charge; the second section is the two-phase region
373 (spheres in Figure 8); the third section leads up to the original
374 Na0.67Mn0.8Mg0.2O2 composition on the second charge (open
375 symbols in Figure 8); the last section is the reminder of charge
376 (closed symbols in Figure 8).
377 During first charge, a contracts while c expands until near the
378 charged state where both a and c begin to stabilize around a =
379 2.8563(1) and c = 11.2528(3) Å. During the fast discharge, a
380 expands while c contracts and then stabilizes with a ∼ 2.87 and
381 c ∼ 11.18 Å and minimal change is observed during the initial
382 stages of second charge. This leads to the two-phase region
383 (discussed below). At the end of the two-phase region, a and c
384 are at their highest and lowest values, respectively, higher and
385 lower than the original cathode and after discharging. Here, a is

3862.8879(1) and c is 11.1233(2) Å and the potential is 2.36 V.
387From this point on, a contracts while c expands during the
388reminder of charge. Notably, the contraction of a appears to be
389slightly more linear than the expansion of c as highlighted by
390the straight lines in Figure 8. This may be intricately tied to the
391evolution of the sodium atomic parameters. The original
392composition of the cathode returns close to the open circuit
393potential (OCP) at 2.72 V (compared below). Interestingly, the
394charged cathode on the second charge resembles the charged
395electrode on the first charge remarkably well suggesting robust
396and repeatable structural transitions during these processes.
397On charge, the Na content drops from 0.64(1) at OCP to
3980.50(1) near the first charged state, corresponding to a change
399in Na content of the order of ∼0.15. The electrochemically
400derived capacity for charge was 30 mAh g−1 which corresponds
401to a slightly lower change in Na content of ∼0.14 Na. However,
402taking into account surface reactions and noting that the
403refinement was a constrained refinement, the values give a good
404indication of the evolution. Interestingly, the first 60 min of
405charge at 12 mA/g from OCP results in most of the sodium
406extraction occurring from the Na(2) site, which is then
407“transferred” to the Na(1) site for the reminder of charge as

Figure 8. Evolution of the lattice parameters a and c in olive diamonds and blue triangles, respectively; the phase fractions of the initial or 1st phase
and the 2nd phase in red and black balls, respectively; the oxygen positional parameters in magenta triangles; the total sodium content in the formula
unit in blue triangles; the Na SOFs of the Na(1) and Na(2) sites in black squares and red circles, respectively; the potential profile in purple. Half-
filled symbols represent section 1 which encompasses the charge from OCP, discharge, and initial 2nd charge process. The two phase region shown
by only the black and red balls are considered as section 2. The section following the two-phase section is section 3 where the 2nd phase evolves in a
rather anomalous fashion with respect to the sodium parameters, and this section features open symbols. The final section, section 4, features filled
symbols and begins from the composition and voltage that is equivalent to the OCP composition and voltage, as indicated by the straight line.
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408 indicated by the arrow in Figure 8. On the fast discharge, the
409 sodium insertion occurs solely on the Na(1) site and the Na(2)
410 occupancy remains the same. This suggests that sodium
411 extraction occurs first from the Na(2) followed by the Na(1)
412 site, while insertion occurs first to the Na(1) site. This shows
413 that the Na(1) site has Na extracted from and inserted into
414 near the charged state. However, sodium does not reinsert or
415 transfer to the Na(2) site on charge. Even on subsequent
416 charge, the Na(2) site remains fairly constant. Thus, Na(1)
417 appears to carry the charge in this region (near first charged
418 state, discharge, initial second charge). The inability to extract
419 more sodium from the Na(2) site during the initial part of the
420 second charge may be the reason that the two-phase region is
421 observed. The two-phase region acts to redistribute Na
422 between the two crystallographic sites. This is evidenced after
423 the two-phase region, where the Na occupancy is larger on the
424 Na(2) site and smaller on the Na(1) compared to the
425 beginning of the two-phase region. It appears that there is a
426 need for Na redistribution that instigates the two-phase region.
427 In the two-phase region (section 2), the first phase and a
428 second phase with slightly different lattice parameters and
429 sodium content are active. The a and c lattice parameters and
430 volume are 2.8879(1) and 11.1233(1) Å and 80.343(3) Å3,
431 respectively, at the end of the two-phase region (2nd phase),
432 and at the beginning, they are 2.8702(1) and 11.1869(2) Å and
433 79.814(3) Å3 (1st phase). Thus, the a lattice parameter
434 expands, while c shrinks and the overall volume increases. The
435 second phase appears to be an expanded version of the initial

t4 436 first phase. Table 4 shows the major differences between the
437 phases.

438 The one factor that appears at odds with the charge/
439 discharge profile is the third section which is shown by the
440 open symbols in Figure 8, following the two-phase region.
441 Here, the sodium content on both sites and overall increases,
442 and this occurs during charge where sodium extraction should
443 be occurring. The speculative explanation for this behavior can
444 be that the presence of surface Na layers (following the two-
445 phase region) allow for sodium extraction giving rise to the

446change in potential and charge process, while a small
447proportion of the surface Na equilibrates and locates onto
448the sites within the structure, increasing the bulk Na content.
449The c lattice parameter appears to be slightly nonlinear in this
450region which may provide further insight for future work.
451Further work is required to rationalize the behavior in this
452region of the charge process. In any case, following the
453Na0.67Mn0.8Mg0.2O2 composition on the second charge (section
4544), the behavior observed from OCP to the first charge (section
4551) is essentially reproduced.
456Comparing the initial phase in the coin cell at the open
457circuit potential (OCP) at 2.72 V and the structure in the
458subsequent charge at 2.72 V, there are minimal differences in
459 t5the structure. Table 5 shows the atomic parameters for the
460structure at 2.72 V. The differences are minute: a OCP is
4612.8717(1) compared to 2.8771(1) Å at the next 2.72 V on
462charge; c OCP is 11.1812(2) compared to 11.1672(2) Å;
463volume OCP is 79.854(3) compared to 80.055(3) Å3. The
464similarities in the structure show its ability to reversibly insert/
465extract Na, with only a small expansion of a contraction of c
466noted at the same states of charge.

467■ DISCUSSION
468Overall, the structural transitions are reversible, and at the 12
469mA/g charge and 100 mA/g discharge, there are single and two
470phase reactions occurring but the P2-type structure is
471preserved. At this rate, there is no evidence of the Cmcm
472phase on discharge via these in situ measurements. From the ex
473situ measurements, it was concluded that the lack of the Cmcm
474phase and preservation of the P2 structure leads to lower
475capacities of the Na2/3Mn0.8Mg0.2O2 cathode at 12/200 and 12/
476400 mA/g compared to 12/100 mA/g rates. However, the lack
477of the Cmcm phase during in situ experiments suggests a minute
478quantity may form under continuous operation at 12/100 mA/
479g.
480A concern with the coin cell used in this work, containing
481circular Kapton-tape covered holes to allow X-ray transmission,
482as compared to cells with Be windows or the AMPIX cell,30 is
483the potential for a “lag effect” of the electrochemical reaction in
484the region of the hole. In other words, the XRD pattern is taken
485of a region that may be behind the true electrochemistry of the
486cell. In order to test this, in situ cells with the
487Na0.67Mn0.8Mg0.2O2 electrode were tested offline under two
488conditions at the 200 mA/g discharge rate. The first cell was
489discharged to 1.5 V and allowed to rest before another
490discharge to 1.5 V was applied, and this process was repeated 5
491times. The second cell was just discharged to 1.5 V. Both cells
492were immediately extracted (∼15 min, via a quick transfer to
493the glovebox). XRD data were collected using two slits that
494control the dimension of the incoming X-ray beam on the
495sample. The first data set was collected with an incoming slit of
4962 x ≤ 0.5 (vertical) mm dimension which was centered on the
497central part of the electrode and the second data set with a slit
498of 4 x ≤ 0.5 (vertical) mm. The patterns clearly show the
499presence of a two phase electrode (see Figure S3). For the 100
500mA/g discharge rate electrode using this slit configuration, a
501similar two-phase electrode is observed but with a slightly
502different phase composition (see Figure S4). The two phase
503electrode at the 100 and 200 mA/g discharge rate in
504combination with the in situ synchrotron XRD data at the
505100 mA/g discharge rate suggest that the process of electrode
506extraction allows the electrode to relax to a state that is not that
507kinetic state but rather closer to the thermodynamically stable

Table 4. Refined Crystallographic Parameters for
Na0.582(11)Mn0.8Mg0.2O2 before the Onset of the Two-Phase
Region and Na0.578(11)Mn0.8Mg0.2O2 (Bold) After the Two-
Phase Region

atom Wyckoff x y z SOF

isotropic
ADP

(×100)/Å2

Na(1) 2 0 0 0.25 0.228(7) 1.08a

0.179(6) 0.53a

Na(2) 2 1/3 2/3 0.75 0.354(9) 6.00a,b

0.399(9) 6.99a,b

Mn(1) 2 0 0 0 0.8 0.34a,c

0.13a,c

Mg(1) 2 0 0 0 0.2 0.34a,c

0.13a,c

O(1) 4 1/3 2/3 0.0816(5) 1 1.40a

0.0786(5) 1.36a

aRefined alternatively to SOFs and refined and fixed. bCan be
modeled anisotropically. cConstrained to be equal. Prior to two-phase
region 34 refinement parameters, χ2 = 1.65, Rp = 2.59%, wRp = 3.83%,
a = 2.8702(1), c = 11.1869(2) Å. After the two-phase region 34
refinement parameters, χ2 = 1.44, Rp = 2.43%, wRp = 3.34%, a =
2.8880(1), c = 11.1234(2) Å.
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508 state with two-phases present. Only slight variations in peak
509 intensity are found between the 2 and 4 mm slits indicating that
510 the regions with the Kapton window does not “lag” significantly
511 behind the majority of the electrode as expected for these
512 materials. In addition, there are significant differences in phase
513 composition (see Figures S3 and S4) between the electrodes
514 that are straightly discharged at 100 and 200 mA/g and
515 sequentially discharged-rest-discharged, further illustrating the
516 role electrode relaxation has on the processes under
517 investigation. It is important to note that in situ (operando)
518 processes can detail kinetic information, while extracting
519 electrodes for ex situ studies can result in the convolution of
520 the actual electrode state and any relaxation mechanisms that
521 occur.31

522 At 12 mA/g discharge, the material delivers around 150
523 mAh/g9 and the Cmcm phase is formed at the discharged state.
524 As the discharge current rate is increased, there is an observed
525 capacity loss, as there is less capacity that is extracted from the
526 electrode; thus, less of the Cmcm phase is formed at the
527 discharged state. In other words, more of the Cmcm phase is
528 formed at the 12 mA/g than the 100 mA/g discharge rate. The
529 loss of capacity is a commonly seen occurrence as current rate
530 is increased.32 Coupling this behavior with the in situ XRD data,
531 which shows that the Cmcm phase is not formed at the 100
532 mA/g discharge rate under continuous operation in contrast to
533 Cmcm formation in ex situ studies, suggests reaction kinetics
534 plays a critical role.
535 The question of kinetics near the discharged state remains a
536 complex problem. The rate limiting process and the process
537 that limits capacity can be the nucleation and growth of the
538 Cmcm or P2 phase in all the particles (one particle can be P2
539 while another in Cmcm) or within particles (e.g., core/shell of
540 P2 and Cmcm phases);33−35 related to the diffusion of sodium
541 in the P2 and Cmcm phases; lattice avoidance of the two phase
542 mechanism;29,30 electronic/ionic conductivity of the electrode
543 particle surface and bulk; or combinations of these processes to
544 name a few options. Further work is required to rationalize
545 such intricacies.
546 If one considers the percentage of the Cmcm phase formed
547 for the 100, 200, and 400 mA/g discharge, there is a distinct
548 reduction in quantity from ∼78 and 25 to less than 0.2%,
549 respectively (see Table 2 for ratios), via ex situ data after 100
550 cycles. Factoring in the in situ data collected at a discharge rate
551 of 100 mA/g with no evidence of the Cmcm phase, the most
552 likely cause of the formation of the Cmcm phase at 100 and 200
553 mA/g is electrode relaxation and extraction. On the basis of this
554 information and the recorded capacity at 400 mA/g, it is
555 reasonable to suggest that the electrode does not reach the state
556 of charge required where the Cmcm phase can form, and thus,
557 any electrode relaxation will result in the P2 phase being
558 maintained at 400 mA/g.

559Sodium extraction (and insertion) often results in phase
560transitions, some dramatic and some minimal, during battery
561charge (or discharge) in this family of layered com-
562pounds.13,17,36 Typically, as the current rate is increased, the
563amount of sodium extracted (or inserted) decreases which
564corresponds to a lower measured energy density or capacity.
565During the charge process in Na0.67Mn0.8Mg0.2O2, there is a
566phase transition between two P2-type or hexagonal P63/mmc
567phases and this results in minimal structural change. In contrast,
568the hexagonal P63/mmc to orthorhombic Cmcm phase
569transition near the discharged state appears to be one of the
570most significant factors that influence capacity and the largest
571structural change exhibited by this electrode. These phases are
572often referred to as P2 and P′2, respectively, and are also
573observed in other P2-type electrodes.13,36 The details of the
574hexagonal P63/mmc to orthorhombic Cmcm transition are
575elegantly detailed in ref 36 which shows that with increasing
576Jahn−Teller active Mn3+ a cooperative distortion occurs that
577promotes this phase transition. Similar to the work on the
578NaxFe0.5Mn0.5O2, there appears to be a two-phase mixture at
579the end of discharge via ex situ measurements,36 but our in situ
580and ex situ findings suggest that this is a rate dependent reaction
581which does not occur at higher applied discharge rates.

582■ CONCLUSIONS

583The discharge current rate can influence the electrochemical
584performance of electrodes, and there is a structural reason
585attributable to this in the case of Na0.67Mn0.8Mg0.2O2 electrodes.
586The transition of the P63/mmc to the Cmcm phase at the
587discharged state is in part responsible for the marginally
588superior electrochemical performance with a discharge rate of
589100 mA/g compared to the discharge rates of 200 and 400 mA/
590g. Although in an ex situ experiment, the Cmcm phase is clearly
591present at the discharged state with a 100 mA/g discharge rate;
592under real cell conditions (e.g., nonequilibrium), the Cmcm
593phase is not formed at the discharged state. The Cmcm phase
594does begin to form if the electrode is extracted from the cell,
595suggesting that the 100 mA/g discharge rate inhibits the
596formation of the Cmcm phase under continuous cycling
597conditions. From a chemical point-of-view, the nucleation
598and growth of the Cmcm phase and subsequent removal
599enhances the capacity of the electrochemical process, e.g.,
600allowing sodium to be inserted into the Cmcm phase and thus
601increasing capacity. At higher discharge rates of 400 mA/g,
602there is insufficient utilization of the electrode which can lead to
603lower capacities compared to the 100 and 200 mA/g discharge
604rate. Therefore, the two-phase phase electrode or moving
605toward a two-phase electrode at the discharged state appears to
606be a prerequisite for better cycling performance. The current-
607rate dependent performance is intricately linked to the
608structure of electrodes and characterizing this link will allow
609researchers and industry to maximize the performance of

Table 5. Refined Crystallographic Parameters for Na0.64(1)Mn0.8Mg0.2O2 at 2.72 V on Second Charge

atom Wyckoff X y z SOF isotropic ADP (×100)/Å2

Na(1) 2 0 0 0.25 0.218(6) 0.53a

Na(2) 2 1/3 2/3 0.75 0.421(10) 6.99a,b

Mn(1) 2 0 0 0 0.8 0.13a,c

Mg(1) 2 0 0 0 0.2 0.13a,c

O(1) 4 1/3 2/3 0.0808(5) 1 1.36a

aRefined alternatively to SOFs and refined and fixed. bCan be modeled anisotropically. cConstrained to be equal. Space group = P63/mmc, 34
refinement parameters, χ2 = 1.69, Rp = 2.57%, wRp = 3.90%, a = 2.8771(1), c = 11.1672(2) Å.
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610 electrode materials. A synergy is required between the
611 electronic controls of current rate during operation and the
612 expected structural-electrochemical performance parameters.
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