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Abstract: LiNiO2 (LNO) represents the end member in the 1 
compositional space of the LiNi1–x–yMnxCoyO2 (as x and y approach 2 
zero) cathode system. Despite its high theoretical specific capacity 3 
(275 mAh/g), LNO suffers from phase transitions with large volume 4 
change and unfavorable reactions upon electrochemical cycling, 5 
which restricts its practical use in the application of lithium-ion 6 
batteries. While the contributing factor to the structural instability is 7 
commonly linked to the undesired volume collapse associated with 8 
the H2–H3 phase transition, detailed analysis of structural evolution 9 
following the entire route of phase transitions (H1–M–H2–H3) in real 10 
time under battery operating conditions remains a challenging task. In 11 
this work, we employ operando neutron diffraction to study the 12 
structural changes (crystal lattice, Li/Ni–O bond length, O–Ni–O bond 13 
angles, and LiO2/NiO2 layer thickness) of LNO cathode in a home-built 14 
LixNiO2||graphite full cell during Li+ de-/intercalation. In particular, the 15 
anomalous increase(decrease) of Ni–O(Li–O) bond length at high 16 
SOC (> ~85%) in the H3 phase is discussed in the context of O2– (2p) 17 
→ Ni4+(3d) negative charge transfer. 18 

Introduction 19 

The relentless advancement of Li-Ion Batteries (LIBs) 20 
technologies stems from the unquenchable demand for higher 21 
energy density as the practical application of interest shifts 22 
gradually from portable devices to electric vehicles (EVs)[1,2] to 23 
large-scale grids.[3] Since the first report of LiNiO2 (LNO) in 1954,[4] 24 
research efforts have been devoted to assessing the potential of 25 
LNO as a cathode material for LIBs.[5,6] In addition to high 26 
theoretical capacity (275 mAh/g), layered LNO, which is 27 

isostructural to LiCoO2 cathode,[7] is more economically affordable 28 
since nickel has a higher natural abundance than cobalt. However, 29 
the hindrance LNO faces prior to commercial use lies in the 30 
structural instability,[8,9] which is fundamentally governed by the 31 
degree of Li+/Ni2+ mixing[10] and Li+/vacancy ordering.[11] Hence, 32 
concerns have been expressed about its electrochemical[12–14] 33 
and thermal[15,16] performance especially at high degrees of 34 
delithiation (> 4.3 V vs. Li/Li+). Although extensive works[17,18] have 35 
shown that cation-substituted Ni-rich cathodes, e.g., LiNi1–x–36 
yMnxCoyO2 (1–x–y ≥ 0.8), can improve the structural/thermal 37 
stability and cyclability, the renaissance of research interest in 38 
LiNiO2 has been underway,[19–23] to meet the harsher criteria for 39 
EVs batteries.[1,2] 40 

Among the challenges such as parasitic surface 41 
reactions[24,25] and formation of disordered rock-salt (NiO) 42 
impurity[26,27] at high state-of-charge (SOC), the sequential phase 43 
transition (H1–M–H2–H3)[28,29] might play a more profound role in 44 
altering the structural stability. The reason behind this argument 45 
manifests itself when one examines the structural evolution of 46 
LNO under cycling. Evidently, a substantial contract of the c-47 
lattice near the end of charge (SOC > ~ 75%), i.e., due to H2–H3 48 
phase transition,[28–31] is universally demonstrated to be the 49 
leading cause to the structural degradation of LNO. What is worse 50 
is the oxygen evolution, despite under active debate over its 51 
underlying mechanisms and reversibility,[24,30,32,33] accompanying 52 
the severe lattice distortion. While most studies[28–30,34–36] employ 53 
in situ/operando X-ray diffraction to monitor the structural 54 
evolution of LNO (or Ni-rich cathodes), little attention is paid to the 55 
discussion of local Li/Ni environments, for example, Li/Ni–O bond 56 
lengths, as a function of Li content. This can be partially attributed 57 
to the relative insensitivity of X-ray to Li. From a structural point of 58 
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view, however, it is of central importance to gain a comprehensive 59 
understanding beyond how the LNO crystal lattice behaves in 60 
response to Li+ de-/intercalation. It is expected that this 61 
information, with a focus on the H2–H3 phase transition and the 62 
single H3 phase region, could be potentially applied to Ni-rich 63 
and/or Co-free cathodes because they are closely related to the 64 
parent LNO structure. 65 

Compared to X-ray/synchrotron diffraction, neutron 66 
diffraction offers several advantages: (1) the neutron scattering 67 
length of an element remains constant regardless of momentum 68 
transfer (Q). This property enables neutron diffraction to 69 
determine the position/occupancy of light elements such as Li with 70 
a high level of accuracy, (2) neutron penetrates into the bulk of 71 
materials without incurring heating, which prevents uneven 72 
electrochemical reactions when studying the structural evolution 73 
of both electrodes in a full cell is desired, and (3) the great contrast 74 
in scattering lengths between Li (–2.2 fm), Ni (10.3 fm), and O (5.8 75 
fm) makes neutron diffraction an ideal probe to differentiate their 76 
positions in LNO during structural evolution. However, one must 77 
be reminded that the neutron flux is weaker than X-ray, not to 78 
mention synchrotron. Such intrinsic drawback requires excess 79 
loading of active materials (hundreds of milligrams) and longer 80 
acquisition time (~2 hours or more) to improve the statistics of a 81 
neutron powder diffraction (NPD) pattern. Also, the 1H in the 82 
organic liquid electrolyte significantly dampens the signal of 83 
interest due to a large incoherent scattering length (25.3 fm). As 84 
a result, in situ/operando neutron diffraction studies[37–40] are 85 
rarely reported with detailed structural information other than 86 
crystal lattice of active materials. 87 

 88 

Figure 1. Schematic of operando neutron diffraction of LiNiO2||graphite full cell 89 
on the NOMAD (BL-1B) beamline at SNS, Oak Ridge National Laboratory. The 90 
jelly-type cell with detail cell configuration is shown on the top-right panel. 91 
Parametric Rietveld refinements are carried out with TOPAS(v6) on multiple-92 
banks data sets, which are recorded in real time with the event of 93 
electrochemical cycling. 94 

The high flux neutron powder diffraction/total scattering 95 
instrument, Nanoscale Ordered Materials Diffractometer 96 
(NOMAD), at the Spallation Neutron Source (SNS), Oak Ridge 97 
National Laboratory, equips with high neutron flux (~ 1 × 108 98 
neutrons cm–2 sec–1) and large detection coverage (4.0 99 
steradian).[41] This allows for rapid acquisition of NPD patterns 100 

with good quality for reliable parametric Rietveld refinements.[42] 101 
Besides, a home-built electrochemical cell makes limited use of 102 
the organic liquid electrolyte, thereby minimizing unwanted 103 
interference of incoherent scattering from 1H. In this work, we 104 
perform operando neutron diffraction study of a model system, i.e., 105 
LiNiO2||graphite full cell, on NOMAD with our newly designed cell 106 
configuration (Figure 1). We report detailed information on 107 
structural evolution of LiNiO2 cathode (H1–M–H2–H3; H and M 108 
denotes hexagonal phase and monoclinic phase, respectively) 109 
and graphite anode (C ↔ LiC24 ↔ LiC12 ↔ LiC6) in real time at 110 
C/10 (cycled between 2.8V and 4.6V). The abnormal change in 111 
both the Li/Ni–O bond lengths and LiO2/NiO2 layers thickness 112 
across the H2–H3 phase transition (> ~ 85% SOC) is identified 113 
and these anomalies are highly correlated with lattice distortion 114 
dictated by the oxygen z-coordinate. Finally, discussion of the 115 
unusual increase of the Ni–O bond length in the H3 phase is 116 
offered by considering the variation of Ni–O bond covalency as 117 
well as the concept of negative charge transfer between O2–(2p) 118 
and Ni4+(3d) orbitals. 119 

Results and Discussion 120 

Overview of operando neutron diffraction data of 121 
LiNiO2||graphite full cell  122 

 123 

Figure 2. Operando neutron diffraction of LiNiO2||graphite full cell for the first 124 
cycle. (a) High-resolution bank (Bank 5, 2Θ = 154°) neutron diffraction patterns. 125 
(b) Voltage profile as a function of time. (c) Selected diffraction patterns showing 126 
the evolution of Bragg reflections of LixNiO2. (d) Selected diffraction patterns 127 
(Bank 2, 2Θ = 31°) showing the evolution of Bragg reflections of lithium-128 
intercalated graphites (G: C6, G(III): stage-III (LiC24), G(II): stage-II (LiC12), and 129 
G(I): stage-I (LiC6)). 130 

High-resolution (Bank 5, 2Θ = 154°) operando neutron diffraction 131 
patterns of LiNiO2||graphite full cell for the first cycle are shown in 132 
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Figure 2a. The LiNiO2||graphite full cell is cycled at C/10 and its 133 
voltage profile (Figure 2b) is slightly smeared out in the absence 134 
of distinct plateaus[22] to specify the two-phase (e.g., H2–H3) 135 
region[29,30] (i.e., white areas in between single-phase regions) in 136 
LixNiO2 (Determination of cathode composition is described in the 137 
supporting information). Note that the small voltage fluctuation 138 
(drop or spike) is detected as a result of the inevitable vibration of 139 
the bracket which automatically changes the sample holder 140 
during operando operation. Accordingly, the two-phase regions 141 
are mapped out by comparing the evolution of d-spacings of a 142 
single phase (see Supporting Information). Overall, the obtained 143 
neutron diffraction patterns permit a clear identification of Bragg 144 
reflections of both cathode and anode components. For example, 145 
while the most intense Bragg reflections with d-spacing < 1.3 Å 146 
can be assigned to Cu current collector ((220) and (311)) and 147 
graphite anode ((21̅ 0), (21̅2), and (21̅4)), the Bragg reflections of 148 
LixNiO2 cathode ((108̅), (21̅0), and (21̅3)) are shown in the high d-149 
spacing (> 1.3 Å) region (see also Figure 2c). 150 

For LixNiO2, the (21̅0) reflection shifts to lower d-spacing 151 
upon charging, suggesting a continuous contraction of ab plane 152 
during the H1–M–H2–H3 phase transitions. The phenomenon of 153 
two-phase co-existence (e.g., H1–M solid-solution) agrees with 154 
literature results.[29,30,43] By contrast, the (108̅) firstly migrates to 155 
higher d-spacing on the verge of the H2 phase region. The 156 
expanded c-lattice then shrinks abruptly once the H2–H3 phase 157 
transition kicks off as reflected by the shift of the (108̅) reflection 158 
toward a much lower d-spacing (~ 1.38 Å at the end of charge; 159 
see also Figure S1a). Reversible phase transitions, in the context 160 
of unavoidable production of spinel (LiNi2O4 or Li0.5NiO2)[15,22,44] 161 
and rock-salt-type (NiO) phases,[22,23,27] are observed upon 162 
discharging, yet a pronounced splitting of the (108̅) and (21̅0) 163 
reflections appears after the first cycle (see Figure S1a). This 164 
implies a capacity loss which may relate to (1) the presence of 165 
Ni2+ in the Li interslab that minimizes the intercalation of Li+,[8,14] 166 
and (2) the build-up of solid electrolyte interphase (SEI) on the 167 
graphite anode. 168 

In line with literature reports,[37,45–47] multiple phase 169 
transitions of graphite anode are observed upon electrochemical 170 
cycling (Figure 2d). Upon charging, lithiation of graphite (G) 171 
continuously leads to the development of solid-solution phase 172 
(G(III): LiC24),[45,47,48] which is then converted to stage-II phase 173 
(G(II): LiC12). Further charging the LiNiO2||graphite full cell 174 
eventually yields the stage-I phase (G(I): LiC6) at the expense of 175 
the previously formed LiC12 via two-phase reaction.[37] At the end 176 
of charge, a minor fraction of graphite remains unlithiated (see 177 
Figure S1b). The discharge process results in reversible phase 178 
transitions to a large extent, although the (002) reflection of 179 
graphite is not completely matched (i.e., d-spacing and peak 180 
intensity) before/after the first cycle. Therefore, it indicates that a 181 
very small amount of Li+, if not negligible, still persists in graphite 182 
anode. 183 
 184 
Parametric Rietveld Refinements 185 
 186 
Representative results (SOC = 0%, 50%, 70%, 85%, 100%, and 187 
end of discharge) of parametric Rietveld refinements against the 188 
operando neutron diffraction data of LiNiO2||graphite full cell are 189 
displayed in Figure S2. Reasonable fits of all sets (53 in total) of 190 
diffraction data are obtained (Figure S3) for the first cycle. 191 
Variations in both Rwp and G.O.F. (Goodness-Of-Fit) are 192 
inevitably noticed and they can be attributed to the evolution of 193 

two-phase co-existence regions (i.e., transition between two-194 
phase region and single-phase region) for both LixNiO2 cathode 195 
and graphite anode. 196 

Graphite anode. The coupling between the voltage profile 197 
of LiNiO2||graphite full cell and the graphite phase/lattice 198 
parameters evolution are shown in Figure S4 and S5. C6 (G), 199 
LiC24 (G(III): stage-III), LiC12 (G(II): stage-II), and LiC6 (G(I): stage-200 
I) are employed to describe the structural evolution of the graphite 201 
anode. At SOC of 22% (x = 0.758 in LixNiO2), LiC24 starts to 202 
develop and reaches its maximal fraction at SOC of 37% (x = 203 
0.623 in LixNiO2), which is then sacrificed for growing LiC12. The 204 
transition from pristine C6 to LiC24 (stage III) accompanies several 205 
non-stoichiometric LixC6 phases (e.g., dilute stages)[47,49,50] with 206 
specific stacking faults (i.e. faulting probability),[51] and these 207 
issues are not incorporated into the parametric Rietveld 208 
refinements due to the complexity of data analysis and insufficient 209 
resolution of the current diffraction patterns. In addition, it is 210 
demonstrated that the formation of the dilute phase LiC30 (liquid 211 
stage II phase) depends heavily on Li+ kinetics and a slower C-212 
rate (at least < C/10; the C-rate used in the present work) is 213 
required for dilute phases to emerge.[37,49] Likewise, the 214 
disappearance of LiC24 from neutron diffraction in charging a 215 
commercial 18650 cell at 1C is also documented.[52] As a result, 216 
we avoid to explicitly describe a more sophisticated phase 217 
transition behavior due to the lack of high temporal resolution of 218 
our data. LiC12 → LiC6 phase transition occurs at SOC of 55% (x 219 
= 0.453 in  LixNiO2) and is not complete at the end of charge, in 220 
which 14.8% of LiC6, 11.7% of LiC12, and 2.7% of unreacted C6 221 
are detected. Upon cell discharging (i.e., charging the graphite 222 
anode), the evolution of phase transitions reverses its sequence 223 
and lithium-intercalated graphites are recovered at different 224 
stages. It is worth noting that nearly 100% of Li+ is 225 
electrochemically pulled out from both LiC12 and LiC6 (see Figure 226 
S1b) at the end of discharge. This indicates that the irreversible 227 
capacity (~41 mAh/g; ~18% active Li loss) results primarily from 228 
the loss of active Li due to the SEI formation in the first cycle. For 229 
reference, a ~12% capacity loss is typically observed in our jelly-230 
type full cells after the first cycle.  231 

 232 
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Figure 3. (a) Voltage profile of LiNiO2||graphite full cell as a function of Li content 233 
for the first cycle (specific capacity is shown at the top x-axis). (b) Evolution of 234 
lattice parameters (a and c) of LixNiO2 as a function of Li content derived by 235 
parametric Rietveld refinements. For comparison, the obtained monoclinic 236 
lattice parameters (aM, cM, and β) were converted to hexagonal setting (aH and 237 
cH).[29] 238 

LixNiO2 cathode. The lattice and volume evolution of 239 
LixNiO2 upon de-/intercalation for the first cycle derived from 240 
parametric Rietveld refinements are shown in Figure 3. The 241 
refined monoclinic lattice parameters are transformed to the 242 
hexagonal setting for comparison.[29] The onset of phase 243 
transitions (H1–M, M–H2, and H2–H3) in LixNiO2, as compared to 244 
literature results[29,30] using the second cycle for detailed Rietveld 245 
refinements, is slightly “lagged” at higher SOCs in the present 246 
work, which deals with the first cycle. The apparent inconsistency 247 
is likely due to (1) the degree of the Li+/vacancy ordering that 248 
drives the phase transitions[10,11] and (2) kinetically hindered 249 
phase transition in the first cycle.[30,36,53] As expected, the c-lattice 250 
expands in the H1 and M phases during charging and it then 251 
decreases at SOC of ~70% (x = 0.318 in LixNiO2) upon the onset 252 
of the M–H2 phase transition. A significant decrease of the c-253 
lattice (~ 85% SOC; x = 0.182 in LixNiO2) that initiates the collapse 254 
of the layered structure occurs during the H2–H3 phase transition, 255 
which is a well-known property for Ni-rich cathode materials.[29–256 
31,34,35,54] Indeed, the lattice volume experiences a similar fashion 257 
such that a sudden contraction of the crystal lattice (~3.7% from 258 
H2 to H3) is associated with the growth of the H3 phase during 259 
charging.[29,30] On the contrary, the a-lattice continuously shrinks 260 
upon the removal of Li+ from LiO2 interslabs and it barely 261 
increases near the end of charge. Both the lattice and volume are 262 
reversibly attained upon discharging despite ~18% capacity loss. 263 

  264 

Figure 4. (a) Voltage profile of LiNiO2||graphite full cell as a function of Li content 265 
for the first cycle (specific capacity is shown at the top x-axis). Evolution of (b) 266 
Li/Ni–O bond length and (c) O–Ni–O bond angles (in-plane and out-of-plane) of 267 
LixNiO2 as a function of Li content derived by parametric Rietveld refinements. 268 

The refined Li/Ni–O bond lengths and O–Ni–O angles (in-269 
plane and out-of-plane) as a function of x in LixNiO2 upon de-270 
/intercalation are summarized in Figure 4. The short-range 271 
structure of LiNiO2 shows dynamic Jahn-Teller effect, i.e., there 272 
are four short Ni–O bonds and two long Ni–O bonds. However, 273 
the average structure of LiNiO2 can be described using the space 274 
group (S.G.) R–3m without long-range Jahn-Teller distortion, and 275 
this is due to the dynamic nature of the distortion. Therefore, an 276 
average Ni–O bond lengths [(4 × equatorial Ni–O bond distances 277 
+ 2 × axial Ni–O bond distances)/6] are plotted in Fig. 4b. At first 278 
glance, the dependency of Li–O and Ni–O bond length on 279 
electrochemical cycling follows a similar trend as revealed by 280 
crystal lattice parameters c and a, respectively. The 281 
increase(decrease) in Li(Ni)–O bond length echoes with, to a 282 
certain degree, the evolution of c(a)-lattice upon charging. When 283 
Li re-intercalates into the NiO2 host, reversible behavior is 284 
reasonably achieved. However, notable features are marked near 285 
the end of charge (~ 85% SOC; x = 0.182 in LixNiO2). First, the 286 
Li–O bond length in the H2 phase keeps increasing instead of 287 
decreasing, as is illustrated in the case of the c-lattice as well as 288 
the lattice volume (Fig. 3b and 3c). Second, the Ni–O bond length 289 
in the H3 phase elongates abnormally and becomes longer than 290 
that in the H2 phase, whereas the a-lattice of the H2 and H3 291 
phases is comparably close. The fact that the most evident 292 
reduction(promotion) of Li(Ni)–O bond length is found in the H3 293 
phase suggests that the highly delithiated H3 phase is mainly 294 
responsible for the collapse of layered structure. Consequently, 295 
this confirms that the improvement of capacity retention of LiNiO2 296 
cathode (and Ni-rich cathode materials) can be achieved by 297 
controlling the upper cutoff voltage[26,31,34] to intentionally mitigate 298 
the formation of the H3 phase. 299 

Alternatively, the O–Ni–O angles can be viewed as an 300 
indicator to examine the local distortion of the NiO6 octahedra. 301 
The deviation of the O–Ni–O angles from 90° can be observed 302 
and opposite developments between the in-plane and out-of-303 
plane angles continue to evolve with charging (Fig. 3b). This 304 
certainly reflects that the NiO2 slabs are compressed, i.e., highly 305 
distorted, along with delithiation. In striking contrast, the 306 
“compression” in the Li+-depleted H3 phase (~85% SOC; x = 307 
0.182 in LixNO2) is released such that its in-plane and out-of-plane 308 
O–Ni–O angles are almost in line with the level of distortion 309 
detected in the H1 phase (highly lithiated). 310 

Along the same lines, the thickness of LiO2 interslabs and 311 
NiO2 slabs (Figure 5) mirrors the behaviors of the structural 312 
evolution surveyed by the Li/Ni–O bond lengths and the O–Ni–O 313 
angles. Indeed, these observations (including a- and c-lattice) are 314 
coupled in a sense that they are all governed by the oxygen z-315 
coordinate (Oz) (Figure 5c). In the same way, the change of O–316 
Ointerlayer distance (Figure 6) in the NiO6 octahedra is greatly 317 
synchronized with the evolution of the NiO2 slabs thickness. While 318 
lowering the value of Oz during charging typically drives the 319 
shrinkage of the NiO2 slabs since the Ni–O bond shortens 320 
concomitantly, the scenario is conversely played out for the Li–O 321 
bond in the LiO6 octahedra, and hence the expansion of the LiO2 322 
interslabs. On one hand, the decreasing of the NiO2 slabs 323 
thickness (and hence the Ni–O bond length) throughout the phase 324 
transitions (H1–M–H2) can be understood in the context of 325 
oxidation of nickel from 3+ (ionic radius: 0.56 Å; low spin) to 4+ 326 
(ionic radius: 0.48 Å).[55] In addition, Li+ de-intercalation causes 327 
the increase of the Ni–O bond covalency, which reduces the Ni–328 
O bond length.[56,57] On the other hand, it is commonly accepted 329 
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that the removal of Li+ from the LiO2 interslabs discounts the 330 
screening effect of Li+ on O2–; therefore, the repulsion that 331 
originates from negative charges on oxygen increases, yielding 332 
the observed expansion of the LiO2 interslabs. In short, the 333 
alleviated screening effect by Li+ and enhanced Ni–O bond 334 
covalency cooperatively exert the influence over the structural 335 
evolution of LixNiO2 upon de-/lithiation, which, in turn, alters the 336 
observed change in the LiO2 (interslabs)/NiO2 (slabs) thickness. 337 
However, the anomaly in Oz upon H2–H3 phase transition at SOC 338 
of ~85% during charging leads to a decrease, instead of an 339 
intuitively expected increase, in the LiO2 interslabs thickness 340 
(NiO2 slab shows the opposite trend). 341 

 342 

Figure 5. (a) Voltage profile of LiNiO2||graphite full cell as a function of Li content 343 
for the first cycle (specific capacity is shown at the top x-axis). Evolution of (b) 344 
LiO2 interslabs thickness and (c) NiO2 slabs thickness as a function of Li content 345 
derived by sequential Rietveld refinements. 346 

The abnormal rise of the Ni–O bond length at high levels of 347 
delithiation (x < ~0.2 in LixNiO2 in the present work) is also 348 
identified in a recent work[30] (by X-ray diffraction) and our 349 
previous investigations of Ni-rich cathode materials such as 350 
NMC811 or NCA[58,59]. Conventionally, the average Ni–O bond 351 
lengths are expected to decrease during charging because of the 352 
decrease of ionic radii and the increase of the Ni–O covalency. 353 
This agrees well with the observations during the first two 354 
transitions (e.g., H1–M and M–H2). Similar finding has been, for 355 
example, demonstrated in LiCoO2 cathode material and the 356 
decrease of the Co–O bond covalency (upon delithiation) was 357 
experimentally confirmed by O K-edge X-ray absorption 358 
spectroscopy[60] and DFT calculations.[56] However, the abnormal 359 
increase of the Ni–O bond length in the H3 phase is more likely 360 
triggered by another driving force other than the Ni–O bond 361 
covalency alone.  362 

Specifically, we noticed that the negative charge 363 
transfer[34,56,60,61] has been linked to the anomalous change in the 364 
Ni–O bond length. For example, an abnormal increase of the Ni–365 
O bond length was captured in La2–xSrxNiO4 when x is larger than 366 

1.4.[62] It is worth mentioning that the nominal oxidation state of 367 
nickel gradually approaches 4+ with increasing x in La2–xSrxNiO4 368 
and, by analogy, this simulates the situation of local environment 369 
of Ni4+ in the highly delithiated LixNiO2. Historically, this 370 
phenomenon can be explained by the negative charge transfer 371 
between oxygen 2p orbital and nickel 3d orbital that induces 372 
partial charge transfer from the filled 2p bands in oxygen to the 373 
strongly p-d hybridized states with predominant Ni 3d parentage. 374 
The pioneering work by C. N. R. Rao et. al.[63] has even suggested 375 
that the oxidation state of nickel in LiNiO2 should be treated as 2+ 376 
since, via O 1s and Ni 2p3/2 X-ray photoelectron spectroscopy, 377 
they claimed electron holes are created on oxygen by Ni3+ + O2– 378 
↔ Ni2+ + O–. In other words, an electron hole can be created on 379 
oxygen by donating an electron from π* states (2p dominant) to 380 
σ* states (strong d-p hybridization). Likewise, La2–xSrxCuO4

[64] 381 
also shows significant hole character on oxygen 2p orbitals when 382 
the concentration of Sr increases. Taken together, charge 383 
compensation in part leads to the collapse of the c-lattice (LiO2 384 
interslabs) when the H3 phase emerges because the reduced 385 
charge concentration on oxygen eventually minimizes the  386 
coulombic repulsion that initially takes place upon de-intercalation 387 
of Li+ from LixNiO2. 388 

 389 

Figure 6. (a) Voltage profile of LiNiO2||graphite full cell as a function of Li content 390 
for the first cycle (specific capacity is shown at the top x-axis). Evolution of (b) 391 
interlayer O–O length and (c) intralayer O–O length as a function of Li content 392 
derived by sequential Rietveld refinements. The evolution of O–Ointralayer 393 
distance basically follows the same trend as illustrated in the a-lattice (cf. Fig. 394 
3). 395 

Of more profound importance to the charge compensation 396 
is, as suggested by Goodenough et. al.,[62] the Ni4+ + O2– ↔ Ni3+ 397 
+ O– equilibrium, which hypothetically implies that the Ni–O 398 
rehybridization upon de-intercalation of Li+ could keep the 399 
average oxidation state of nickel to 3+, i.e., the equilibrium tends 400 
to shift to the right. Indeed, first-principles prediction of LixCoO2 401 
cathode confirms that the calculated positive charge density on 402 
cobalt is nearly identical regardless of Li content, e.g., LiCoO2, 403 
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Li0.5CoO2, or CoO2.[65] Zunger et. al.[66] further employs first-404 
principles quantum mechanical calculations to reveal that this 405 
“charge self-regulation” generally responses to the change of 406 
oxidation state of a transition metal (TM), cf., removing Li+ from 407 
LixNiO2, and a constant TM charge is recognized. De-lithiating 408 
LixNiO2 (> ~85% SOC in the present work) most likely places the 409 
energy level of the empty 3d band (eg dominant) of Ni4+ lower than 410 
that of the 2p band of O2–. In this oversimplified scenario, a 411 
negative charge transfer (ΔCT < 0) could happen in favor of 412 
Ni4+(3d)–O2–(2p) rehybridization. Consequently, the low-lying 413 
bonding level substantially features Ni components occupied by 414 
electrons, whereas the anti-bonding level is more characterized 415 
by oxygen (2p orbital) enriched with holes[67]. It is also possible 416 
that a new intermediate hybridized state, similar to the polaron 417 
state, may form between the two major bands through 418 
rehybridization at high degrees of delithiation.[68] These 419 
arguments, of course, will need more insights from detailed 420 
calculations, specifically tailored for LiNiO2 cathode system to 421 
verify the complicated electronic structure involving the dynamic 422 
change of rehybridization between Ni (3d) and O (2p) atoms 423 
under electrochemical cycling. We should also stress that a 424 
similar situation (negative charge transfer) has also been reported 425 
in other materials including spinel (LiNixMn2–xO4),[69] nickelate 426 
(NdNiO3),[70] and a transition-metal halide (Cs2Au2Cl6).[71] 427 
Therefore, it is believed that the structural anomaly, i.e., the 428 
collapse of the c-lattice near the end of charge, in Ni-rich cathode 429 
materials can be broadly attributed to the complex multiple effects 430 
as discussed above. 431 

Conclusion 432 

We carried out the operando neutron diffraction on a home-built 433 
jelly-type LiNiO2||graphite full cell charging/discharging at C/10 for 434 
the first cycle. Quantitative analysis is successfully performed 435 
using parametric Rietveld refinement to monitor the structural 436 
evolution of both LixNiO2 cathode and graphite anode. Detailed 437 
information on structural changes including crystal lattice, Li/Ni–438 
O bond lengths, LiO2(interslabs)/NiO2(slabs) thickness, and O–439 
Ni–O bond angles are discussed and reported for the first time. In 440 
particular, the abnormal variation of the Ni–O bond length in the 441 
H3 phase at high SOC (> ~85% in this work) is explained by a 442 
simplified scheme (negative charge transfer). It is believed that 443 
the commonly observed unusual structural evolution of Ni-rich 444 
cathode materials can be justified by the effect of negative charge 445 
transfer as well. 446 

Experimental Section 447 

Experimental details are described in the Supporting Information. 448 
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