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Figure S1: a) Galvanostatic cycling of commercially available NiO-B (solid) and NiO-NP (dashed) with C/20, and corresponding dQ/dV curves for the b) reduction and oxidation as electrodes in Li metal half cells.
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Figure S2: a) Principal component analysis showing the first 4 abstract components to describe the full dataset of the operando experiment, note that the abstract component 1 is reduced by a factor of x=5. b)and c) show the obtained data after almost full reduction, scan 41, and 3.8e- transferred, scan 55, respectively, in comparision with a fit using two vs. three vs. four components as well as the residuals (expanded by a factor of x=10). The data is seems to be most accurately described using four components, while 3 components still give a good description of the full dataset and two components systematically miss components in the spectra. Indications of a 4th component improving the fit can be found especially during the charge reaction. However, two main arguments oppose the more accurate description of the dataset with 4 abstract components: i) a good fraction of the energy in the 4th abstract component is in a smooth background, suggesting that some of the problem may lie with post-edge normalization or pre-edge subtraction, neither of which can be perfect and ii) the phase fractions are no longer smooth functions of the scan number suggesting a random effect.
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Figure S3: TEM image of NiO-NP reduced in a Li metal half until a voltage of 0.5 V vs. Li+/Li0 was reached. 
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Figure S4: EELS of particles harvested from an electrode composed of Ni-NP, reduced in a Li metal half until a voltage of 0.5 V vs. Li+/Li0 was reached: a) full energy range and b) O-K edge, c) Ni-L edge.
	sample
	fraction 

Ni-metal
	Ni-O shell
	Ni-Ni shell metallic
	Ni-Ni shell oxide
	S02
	E0
	Reduced Chi2

	
	
	CN (6)
	dR (R=2.0890)
	
	CN (12)
	dR (R=2.4917)
	
	CN (12)
	dR (R=2.9543)
	
	
	
	

	ITFA A
	1
	
	
	
	6.05

+/-

0.29
	-0.04523

+/-

0.00284
	0.00884   +/-      0.00036
	
	
	
	[0.97]
	3.61

+/-      0.55
	119.7



	ITFA B
	0
	5.55

+/-      0.721
	-0.01876

+/-

0.01252
	0.0055

+/-      0.00126
	
	
	
	14.56

+/-      1.21
	0.00147

+/-      0.00356
	0.00749   +/-      0.00060
	[0.97]
	7.60

+/-      1.35
	58.3



	ITFA C
	0.62
	5.010
	-0.17257

+/-

0.05242
	0.01325   +/-      0.00476
	6.23

+/-

0.95
	-0.03007

+/-

0.012780
	0.00769   +/-      0.00098
	
	
	
	[0.97]
	2.97

+/-      2.63
	600.2



	0.0 e- (NiO-B pristine)
	0
	[6]
	0.0073

+/-

0.00496
	0.0064

+/-      0.00045
	
	
	
	[12]
	0.0024

+/-

0.0032
	Same as O
	0.967

+/-      0.050
	3.02

+/-

0.56
	51.3



	0.5e-
	0.07
	4.95

+/-      0.29
	-0.01899   +/-

0.00478
	0.00596  +/-      0.00042
	9.94

+/-

1.52
	-0.03491

+/-

0.01242
	
	9.90   +/-      0.67
	-0.00609   +/-

0.00346
	Same as O
	[0.97]
	1.68

+/-

0.63
	17.3



	1.0e-
	0.34
	5.95

+/-      1.37
	-0.00311

+/-

0.01508
	0.00588   +/-      0.00191
	11.05

+/-

6.32
	-0.05620

+/-

0.06147
	0.01456   +/-      0.00487
	12.35   +/-      1.87
	0.00226

+/-      0.00497
	0.00708   +/-      0.00089
	[0.97]
	3.08

+/-

0.85
	22.2



	1.5e-
	0.46
	5.68

+/-      2.26
	0.00857

+/-      0.02791
	0.00589   +/-      0.00340
	11.86

+/-

5.88
	-0.05717

+/-

0.05460
	0.01375   +/-      0.00418
	10.17 +/-      2.91
	0.00611

+/-      0.00851
	0.00694   +/-      0.00171
	[0.97]
	3.77

+/-      1.39
	79.4



	2.0e-
	0.65
	5.35   +/-      2.18
	0.01344

+/-      0.02918
	0.00691   +/-      0.00419
	9.88

+/-      2.09
	-0.04001

+/-

0.02209
	0.01258   +/-      0.00172
	8.17

+/-      2.87
	0.015405

+/-      0.009350
	0.00716   +/-      0.00218
	[0.97]
	5.20

+/-      1.42
	55.7



	2.5e-
	0.80
	33.25*+/-

64.43
	0.1236320   +/-

0.09678
	0.07420   +/-      0.06945
	6.71

+/-      0.64
	-0.05556

+/-

0.00188
	0.00918   +/-      0.00069
	6.99

+/-      4.33
	-0.00136

+/-      0.01234
	0.01069   +/-      0.00506
	[0.97]
	[3.3]
	64.6



	3.0e- (reduced 0V)
	0.85
	4.190   +/-      2.780
	0.04478

+/-

0.03995
	0.00282+/-      0.00846
	8.39   +/-      2.77
	-0.05507

+/-

0.00451
	0.01098   +/-      0.00283
	12.91  +/-     36.13
	-0.02962

+/-      0.05471
	0.02058   +/-      0.03338
	[0.97]
	[3.3]
	73.2



	4.0e-
	0.92
	[6]
	-0.18912

+/-      0.07381
	0.01134   +/-      0.02290
	6.66
	-0.03061

+/-

0.00234
	0.00916   +/-      0.00074
	
	
	
	[0.97]
	-2.44
	134.7



	4.5e-
	0.72
	4.50

+/-      1.88
	-0.15923

+/-      0.01928
	0.01165   +/-      0.00603
	6.95

+/-      0.64
	-0.02779

+/-

0.00210
	0.01007   +/-      0.00075
	
	
	
	[0.97]
	-2.445
	47.7



	4.7e- (oxidized), 2 Ni-O shells fitted
	0.68
	3.61

+/-      1.09
	-0.0732930   +/-      0.0147840
	0.0145320   +/-      0.00538
	6.96

+/-      0.90
	=    -0.01400   +/-

0.00918
	0.01166   +/-      0.00104
	4.46   +/-      2.66
	0.20176

+/-      0.07691
	0.0222
	[0.97]
	0.22

+/-      1.912
	27.5



	NiO-NP pristine
	0.001
	6.30

+/-      1.05
	-0.01472

+/-      0.00936
	0.00741 +/-      0.00194
	[12]
	0.01225

+/-

0.19515
	0.00741


	11.66  +/-      1.39
	0.00425

+/-      0.00662
	0.00701   +/-      0.00078
	[0.97]
	2.19

+/-      1.09
	123.

	NiO-NP 0V
	1.0
	-4.54   +/-     11.46
	-0.49938   +/-      0.07395
	0.0028010   +/-      0.02233
	6.59   +/-      0.69
	-0.00939

+/-

0.00691
	0.00933   +/-      0.00083
	-16.40   +/-     40.72
	0.24467   +/-      0.02643
	0.00266   +/-      0.01669
	[0.97]
	-6.11

+/-

1.12
	93.2



	NiO-NP 1.75V
	0.95
	2.82

+/-      3.80
	-0.22248

+/-      0.02154
	-0.00541
+/-      0.00681
	7.11

+/-      0.94
	-0.02118

+/-

0.00715
	0.00945   +/-      0.00102
	[12]
	0.10975

+/-      0.07182
	0.01158   +/-      0.00624
	[0.97]
	-8.04

+/-      1.39
	268.1



	NiO-NP 3V
	0.02
	14.80*+/-    608.7
	-0.04120

+/-      0.02415
	0.00775   +/-      0.00323
	
	
	
	8.68   +/-    143.32
	-0.00342

+/-      0.02582
	0.01253   +/-      0.00476
	[0.97]
	-4.33

+/-

3.78
	313.3




	sample
	fraction 

Ni-metal
	Ni-O shell
	Ni-Ni shell metallic
	Ni-Ni shell oxide
	S02
	E0
	Reduced Chi2

	
	
	CN (6)
	dR (R=2.0890)
	
	CN (12)
	dR (R=2.4917)
	
	CN (12)
	dR (R=2.9543)
	
	
	
	

	Pristine NiO
	0.02
	5.54  +/-      0.43
	-0.00515   +/-      0.00687
	0.00662   +/-      0.00072
	
	
	
	11.70   +/-      1.20
	0.00547   +/-      0.00496
	0.00662   +/-      0.00072
	0.97
	3.79   +/-      0.79
	281.9

	1cycl red. 0.7V
	0.14
	4.17   +/-      0.29
	-0.01457   +/-      0.00408
	0.00587   +/-      0.00060
	8.61   +/-      0.70
	-0.00119   +/-      0.00382
	0.00587   +/-      0.00060
	12.00  +/-      0.90
	0.00561   +/-      0.00154
	0.00587   +/-      0.00060
	
	2.80
	134.6

	1cycl red. 0.02V
	0.96
	
	
	
	6.81   +/-      0.44
	-0.02369   +/-      0.00436
	0.00793   +/-      0.00047
	
	
	
	
	-1.61   +/-      0.80
	469.9

	1cycl ox. 1.8V
	0.79
	2.20   +/-      2.85
	-0.18676   +/-      0.05765
	0.00870   +/-      0.01597
	8.52   +/-      0.73
	-0.02213   +/-      0.00204
	0.00862   +/-      0.00065
	
	
	
	
	-2.20
	177

	1cycl ox. 3V
#
	
	6.76   +/-    329.8
	-0.12707   +/-      0.01162
	0.00965   +/-      0.00371
	
	-0.02644   +/-      0.00660
	0.00585   +/-      0.00295
	3.92   +/-    126.15
	-0.01930   +/-      0.01054
	0.01090   +/-      0.00656
	
	-0.62
	213.2

	2cycl red. 1.5V
	0.75  +/-      0.35
	10.77
	-0.06606   +/-      0.06303
	0.01889   +/-      0.02390
	8.74   +/-      5.084
	-0.01844   +/-      0.00398
	0.01018
	
	
	
	
	-2
	1085.8

	2cycl red. 0.5V
	0.96   +/-      0.02
	
	
	
	7.204   +/-      0.59
	-0.02588   +/-      0.00502
	0.00726   +/-      0.00065
	
	
	
	
	-1.07   +/-      0.93
	761.9

	2cycl red. 0.02V
	0.95   +/-      0.02  
	
	
	
	7.09   +/-      0.63
	-0.02287   +/-      0.00536
	0.00675   +/-      0.00066
	
	
	
	
	-0.90   +/-      1.01
	35.1

	2cycl ox. 1V
	0.95
	
	
	
	7.38   +/-      0.66
	-0.02106   +/-      0.00528
	0.00715   +/-      0.00067
	
	
	
	
	-0.85   +/-      0.97
	561.3

	2cycl ox. 2V
	0.77
	1.43
	-0.18590   +/-      0.04391
	0.00277   +/-      0.00535
	8.53
	-0.01993   +/-      0.00171
	0.00758   +/-      0.00022
	
	
	
	
	-2.42
	593.0

	2cycl ox. 3V

#
	
	10.62   +/-      4.99
	-0.09566   +/-      0.02031
	0.01494   +/-      0.00589
	
	-0.02203   +/-      0.00693
	0.00870   +/-      0.00351
	3.91   +/-      4.54
	-0.02230   +/-      0.0125
	0.01050   +/-      0.00791
	
	-0.62
	335.7


Table S1 EXAFS shell-by-shell fit parameters for selected Ni-K edge spectra using Athena and Artemis of the IFEFFIT suite.1 The errors are as reported in Artemis. Values in squared brackets are fixed values, values in brackets are theoretical values. For the fully oxidized in-operando sample two Ni-O shells with the same parameters were fitted. *marks physically unreasonable apparent coordination. # marks fit, where the tie between the O-shell and the Ni-shell in NiO was released.
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Figure S5: Fraction of Ni atoms in metallic form, derived from linear combination EXAFS fitting, at selected points in the electrodes shown in Figure 7, partly discharged at C/20 (a) and C/1 (b) rates. Scalebar 0.2mm.
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Figure S6:  a) Electrochemical profile of the first two cycles collected from a two-electrode coin cell containing NiO-B as working and lithium metal as counter and pseudo-reference electrodes. The cell was galvanostatically cycled at a C/50 rate. b) EXAFS data corresponding to samples harvested from a series of coin cells like a), at different points (see red dots in a) of the second conversion reaction cycle. The results from the EXAFS fitting procedure of all analyzed samples have been included in Supplementary Table 1. Bulk XAS data were collected at the APS beamline 20-BM-B in transmission mode. Details about the experimental setup can be found in reference 2.2 

Data Analysis and Discussion: EXAFS data from selected stages of reduction and oxidation were collected ex situ during the first two cycles. The data during the first cycle reproduced the results from the operando measurements very well (Figures 2 and 4) and, thus, are not shown. Due to the poor reversibility of the conversion reaction of NiO even at low current density, the starting point of the second cycle, labeled as “oxidation 3 V (1st cycle)” in Supplementary Figure 6b, was a mixture of all three phases, NiO, metallic Ni and intermediate NiO. The overlap and interaction of the different contributions (see Figure 8) made deconvolution of the spectrum impossible and, thus, created significant difficulties for the analysis of the data during the second reduction reaction. Additional experiments with other techniques sensitive to short range interactions are required to fully address this question.  At 1.5 V (see “reduction 1.5V”), the most pronounced change was the notable decrease in intensity above 2.5 Å, which corresponds to the Ni-Ni interactions in NiO (Figure 8).  At the same time, the signals due to metallic Ni-Ni distances increased, whereas the intensity at very short Ni-O distance due to the NiO intermediate appeared to be largely preserved. In other words, when compared to metallic Ni (Figure 8), the EXAFS spectrum of “reduction 1.5V” exhibits a reduced intensity of the Ni-Ni contributions and an increased signal at shorter distances. While quantitative interpretation was not possible, we propose, based on the trends, that this intermediate is a remainder from the oxidation reaction of the first cycle and, thus, that NiO is consumed to form Ni during the 1.5 V reduction plateau. The direct reduction of NiO to Ni, without intermediates, is consistent with the first reduction, but represents a different pathway compared to the first oxidation reaction. This conclusion is supported by the data collected at full reduction (see “reduction 0.02V” in Supplementary Figure 6).  Only features corresponding to pure metallic Ni (Figure 8) were found.  Thus, the sloping process observed below 1.4 V and until 0 V corresponds to the reduction of NiO to Ni, in a process that is symmetric compared to the first oxidation. Upon re-oxidation, a sample collected at 2V (see “oxidation 2V”) showed again a reduction in the intensity of the Ni-Ni interaction and a significant contribution at shorter distances to the spectrum. In turn, the spectrum collected after a second full oxidation, labeled as “oxidation 3 V (2nd cycle)”, shows a convolution of all three involved phases similar to the spectrum collected after the first cycle. These results closely mimic the operando observations during the first oxidation summarized in Figure 4.  Therefore, we can confidently state, that the NiO intermediate also formed in the sloping during the second oxidation and was partially consumed to form defective NiO during the ~2.1 V plateau. 
These results are consistent with the electrochemical profiles. First off, the length of the conversion plateau in the second reduction is significantly shorter than in the first cycle, as expected from the lower NiO content.  In contrast, the length of the sloping process increases going from the first to the second reduction, consistent with the presence of NiO in the latter case.  While the hysteresis in the plateau regions significantly drops from the first cycle, from ~1.4 to ~0.7 V, it is still very high compared to reversible intercalation reactions. Our data suggests that this hysteresis is still explained by the reaction asymmetry of the oxidation (NiO ( NiO) and reduction (NiO ( Ni) plateaus.  In contrast, the reaction was found to be the same during the sloping region, NiO ( Ni, consistent with the much lower hysteresis.  The difference in voltage hysteresis between the first and second cycle can be ascribed to microstuctural/mechanical energy effects.  As discussed by Doe et al. in the context of the conversion of FeF3,3 the formation of metallic clusters from crystalline bulk binary compounds is associated with a significant energy penalty compared to the formation of bulk metal. In turn, Delmer et al., in the context of the reversible conversion of RuO2,4 proposed that the free energy, and thus, the potential of reduction of an amorphous oxide is higher compared to crystalline counterpart.  In the case discussed here, NiO re-forms in the form a defective, poorly crystalline nanometric material.  As a result, it is expected that its reduction to nanometric Ni will involve a lower energy penalty and, thus, a higher free energy change.  This change would reduce the hysteresis, indicating that the huge value observed in the first charge has a contribution of both chemical and mechanical effects.
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Figure S7:Powder XRD pattern of NiO-NP.
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Figure S8: Scanning electron micrographs of a) bulk NiO as received and b) porous NiO nanoplates. 
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