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Supporting text

XPS analysis of electrodeposited MnQO:

The chemical state of the deposited EMD was assessed with X-ray Photoemission
Spectroscopy (XPS) (Figure S2). The Mn 2p spectrum shows the 2p3» peak centred at 642.2
eV and separated from the 2p1 peak by 11.6 eV, which agrees with the values for MnQO,.!
Furthermore, the O 1s spectrum can be deconvoluted into three peaks at 529.7 eV, 531.1 eV
and 531.7 eV, corresponding to the oxygen in the oxide (Mn-O-Mn), hydroxide (Mn-OH) and
chemisorbed water, respectively.*> Both the separation between the oxide O 1s peak and the
Mn 2p32 maximum of 112.5 eV and the background-corrected intensity ratio of these two peaks
of 1.4 are also in agreement with the data for MnO>.%* The O 1s components for -OH and
H-OH are indicative to the presence of structural water,>’ whose molecular content can be
estimated as 0.7 per molecule of MnO:. The structural water lowers crystallinity of nanoscale
MnO,,* resulting in the absence of MnO»-specific peaks in the X-ray diffraction (XRD)
spectrum (Figure 4b in the article). Lack of XRD peaks is also consistent with previous

observations for EMD deposited at room temperature.”!°

Thermodynamic calculations of solid-state MnO: lithiation

In order to examine synthetic routes of LMO within the temperature budget of the
nanomesh, we compared temperature-dependent Gibbs free energies of reactions of MnO» with
three common lithium precursors: LiOH, Li2CO3 and LiNOs. As for the products, at least 7
different LMO’s are currently known;!! for our calculations we considered three of them which
are commonly reported as the products of thermal lithiation of MnO;: spinel LiMn0O4, layered
LiMnO; and layered LioMnOs (other types of LMO such as spinel LisMnsO12 were not
considered due to the lack of available thermodynamic data). For example, for a spinel

LiMn204 product, the reactions could be written as:
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8MnO, +4LiOH —4LiMn,0, +2H,0,, + O, (SD)

8MNO, +2Li,CO, — 4LiMn,0, +2C0, , +0, (S2)
2NO, , +0, (S3a)
| , 2NO ) +20, (S3b)

4MnO, +2LiNO, > 2LiMn,0, +
N,O ) +2.50, (S3¢)
N, (g +30; ) (S3d)

The results are presented in Figure S3. At moderately low temperatures, the thermal lithiation
of MnO: is most thermodynamically favourable using LiOH as the lithium precursor, as
evident from the most negative change of Gibbs free energy (AG) for all three types of LMO
products. Indeed, synthesis of LiMnO> using solid LiOH was previously demonstrated at low
temperature of 300 °C.'? Although oxidation of Ni with MnO, shows even more negative
change of Gibbs free energy in the entire temperature range, for the nanomesh it is kinetically
limited up to about 260 °C, as established previously. As for the reaction of MnO; with Li,COs3,
the equilibrium calculations predict only a slight tendency towards formation of LiMn2O4
below 300 °C, which is in general agreement with experimental observations of Ogata et al."®
When LiNO;3 is considered as a lithium precursor, its reaction with MnO» can proceed through
different pathways, with a formation of NO2, NO, N>O or N> (or their combination) as the by-
products of decomposition of LiNO;.!4"!® Unless the total decomposition of nitrate to N3 is
assumed (i.e. Reaction (S3d)), the reactions of MnO> with LiNO3 are thermodynamically
unfavourable in the low-to-moderate temperature range, as expressed by the positive values of
AG. In practice, Kumagai ef al. showed that reacting MnO> with LiNO3 at the melting point of
LiNO; of 260 °C can give electrochemically active Li,MnO, (0 < x < 1) after 7 days of
reaction.!” The activation of the nanomesh cathodes was thus tested using LiOH as the lithium

precursor.
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Method for thermodynamics calculations

The calculations of Gibbs free energies of reactions were carried out using HSC
Chemistry 9.6.1 from Outotec. The Gibbs free energies of reactions are calculated as the
difference between the Gibbs free energies of formation of the products and substrates. For
each species, Gibbs free energy of formation at a given temperature is calculated using
equation:

AG,(T)=AH,(T)—-AS,(T)-T (S4)
where AG(T) is the Gibbs free energy of formation at the temperature 7 and AH(T) and AS(T)
are the enthalpy and entropy of formation from pure elements in their standard form,
respectively.

The enthalpy of formation of a compound is calculated knowing its standard enthalpy
of formation at 298.15 K and pressure of 1 bar (AH? ) and the integrated molar heat capacity

of the compound (Cp):
.
AH(T)=AH{(298.15K)+ [ C,(T)dT +AH, (S5)
298.15K

where AH, 1s the enthalpy of phase transition (if applicable).

The entropy of formation of a compound is calculated as the difference between the
absolute entropy of the compound and the absolute entropies of the constituent elements in
their standard form. For each species, the absolute entropy at any given temperature is

calculated from its standard absolute entropy at 298.15K and 1 bar (5°) and the heat capacity

of the compound or element at that temperature:

T s6
S(T)=$°(298.15K)+ | Co(M g7 . AHy (S6)

298.15K Ttr

where Ty is the temperature of phase transition (if applicable).

Therefore, to perform the calculations, the necessary input for each compound and the
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constituent elements is their AH?, S°, AHy and Ty (if applicable) and C, as a function of T
(note that for pure elements, AH? =0). The Cp(T) is tabulated in a form of coefficients A-F

used to calculate Cp from the polynomial:

C,(T)=A+BT x10°+CT ? x10° + DT? x10° + ET ° x10° + FT*x10°° (87)

Since the necessary thermodynamic parameters for MnO,, LiOH, Li2COs, LiNO; and the
constituent elements are already included in the default HSC Chemistry database, we provide
only those for lithiated manganese oxides, which we compiled from the literature (Table S1).

The standard Gibbs free energies of formation of the compounds are presented in Table S2.

Note on the phase composition of synthesized samples

The XRD diffractograms of all the annealed samples (Figure 4b in the article) show a
broad peak centred at about 18.3° the intensity of which increases with the temperature of
thermal lithiation. Such peak can be ascribed to the monoclinic LiMnO2 (208001 = 18.3°), but is
also close to the diffraction peak of spinel forms of LMO (e.g. LiMn204 or LisMnsO12, 20111 =
18.6 — 18.8°) or of the layered Li2MnO3 (20002 = 18.7°) (ICDD PDF cards #87-1255, #35-0782,
#46-0810 and #27-1252, respectively). However, the low cyclic voltammetry activity of the

1819 quggests a little presence of electrochemically active spinel

samples in the 4 V region
LMO’s. Furthermore, the observed electrochemical activity does not come from LixMnOs,
since Li2MnOs is electrochemically inactive in the potential window of 4.4 — 2.2 V unless
previously de-lithiated at a high voltage of about 4.8 V vs. Li*/Li.?*?? Also, when cycled up to
5V, we did not observe the irreversible anodic peak characteristic to the activation of
LixMnO3.2%?! These observations support the proposed composition of lithium-deficient

LixMnQO2, which was also previously suggested as the product of reaction of MnO> with LiIOH

at low temperatures.?324
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In-situ conversion of MnO: during ALD of LiOH/Li2O

Besides impregnating the MnO,-coated nanomesh with drop-cast aqueous LiOH and
annealing, we also attempted to facilitate the conversion of MnO: to the high-voltage spinel
LMO’s (e.g. LiMn0s) in-situ during thermal atomic layer deposition (ALD) of LiOH/Li,0,
performed at the conversion temperature of MnO; and over an extended time. This technique
utilizes vapours of metalorganic precursors that can penetrate porous materials and precisely
coat their internal pores (as small as ~1 nm, depending on the size of precursor molecules) with
solid layers of e.g. TiO2.2*® In our case, thermal ALD was performed for 72 hours at 250 °C
(the highest temperature at which the nanomesh does not oxidize), using vapours of lithium
tert-butoxide and water as the ALD precursors. Such ALD process produces LiOH, which at
250 °C can simultaneously decompose into Li»O with hydroxylated surfaces.?’” We suspected
that employing ALD could facilitate the synthesis of spinel LMO through: a) the high activity
and diffusivity of Li tert-butoxide molecules in the gas phase, b) the high contact area between
MnO: surfaces and ALD-deposited LiIOH/L120, c) the extended time of processing at 250 °C.
Compared to the analogous electrode obtained from drop-cast LiOH and annealing for 2 h,
ALD gave an electrode with sharper voltammetry peaks in the 3 V region and more
distinguishable, small peaks at about 4.1 V (Fig. S6a). Nevertheless, the absolute CV currents
in the 4 V region remained low, showing that no significant amount of spinel LMO was formed.
Also, during discharge-charge cycles at various C-rates, the ALD-LiOH electrode showed
discharge capacities close to these of the shortly annealed sample prepared from aqueous LiOH
(Fig. S6b; note that the difference between capacities at low currents falls within the sample-
to-sample variability of ~10%). We can note, however, that the ALD-LiOH electrode reached
relatively higher capacity at high currents with respect to its capacity at low currents.

Tentatively, the differences in electrochemical performance of the two electrodes can be due to
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different degree of crystallization of LixMnO, prepared during 72 h of ALD annealing, as
compared to the LixMnO:> prepared during 2 h of annealing with drop-cast LiOH.

The conversion during ALD of LiOH/Li,O was performed inside the Picosun ALD
R200 reactor integrated with an Ar-filled glovebox. The deposition was carried out at the
temperature of 250 °C and the pressure of 14 mbar, using Li tert-butoxide and water vapor as
the growth precursors and Ar as the carrier and purging gas. The growth was conducted for 150
ALD cycles, each consisting of a pulse of Li tert-butoxide at 150 sccm for 140 s, 500 s purge,
a pulse of H2O(g) at 200 sccm for 80 s and 1000 s purge. During the deposition, the Li tert-
butoxide container was heated to 140 °C and to 165 °C on the valve-block while the H>O source
was maintained at 18 °C. After the deposition, the sample was immersed in H>O for 10 min

and dried in air at 120 °C for 12 h.

Conversion of MnO: with Li isopropoxide and Li citrate

Besides testing the conversion of MnO; with LiOH, we assessed Li isopropoxide and
Li citrate as the alternative Li precursors. Lithium isopropoxide is a solid which at atmospheric
pressure sublimes at about 230 °C, hydrolyzing to LiOH upon contact with water. Lithium
citrate is a precursor used in sol-gel synthesis of LMO, which was also reported to convert
EMD to spinel LiMn,O4 at temperatures as low as 280 °C.?%? For the conversion using Li
isopropoxide, the sample was placed on a hotplate in a glovebox. On the same hotplate, next
to the sample, a pinch of Li isopropoxide powder (95%, Sigma Aldrich) was placed and both
the sample and the powder were covered with a watch glass. The reaction was conducted for 2
hours at 250 °C, as set on the hotplate. After that time, the sample was removed from the
glovebox, transported in air to a N»-filled oven and annealed for another 2 hours at 250 °C.
After that, the sample was placed in a H>O-filled beaker for 10 min, washed under running

water and dried with N; blow.
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A sol of lithium citrate was made by preparing a solution of 3 M lithium hydroxide
(>98%, Sigma Aldrich), 1 M citric acid (99.5%, Sigma Aldrich) and 0.01% wt. Pluronic F-127
(Sigma Aldrich) as a single mixture in water. 20 uL of this solution were drop cast onto the
MnO2-coated nanomesh electrode and dried with a steady steam of Nj. The sample was
annealed in air at 250 °C using a Thermo Scientific Type F6000 Furnace. The ramp-up phase
of the annealing was thoroughly optimized to avoid rapid gas evolution from the decomposing
citrate. The ramp-up phase consisted of three isothermal steps: 90 °C for 1h, 120 °C for 6 h,
160 °C for 6 h, followed by the final anneal at 250 °C for 12 h. The heating rate during the
ramp-up was set at 10 °C/min. After the annealing and cooling down, the sample was placed
in a H,O-filled beaker for 10 min, washed under running water and dried with N> blow. The
voltammetric response of both types of samples is presented in Fig. S6a.

While the isopropoxide gave electrodes with a similar voltammetric response to the
ones obtained from LiOH, lithium citrate was the only precursor to yield electrodes with a
distinguishable pair of spinel-like voltammetric peaks in the 4 V region. The absolute currents
in the citrate-processed samples were, however, much lower than in the other samples, which
could be due to some damage of the electrode structure by the excessive gas evolution during
thermal decomposition of the citrate or due to the presence of insoluble residues within the

electrode which were observed with SEM after the conversion and washing.

Notes on the comparison of 3D cathodes reported in the literature

Table S3 presents data on volumetric capacities, high rate performance and volume
loading of active materials in various 3D-nanostructured core-shell electrodes reported in the
literature. If not explicitly reported in an article, the fractions of electrode volume occupied by

active materials (VFact) were calculated according to equation:

VFact = Lact /pact (88)
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where Lat is the active material loading (in g/cm?®, according to electrode thickness and
superficial loading of active material, typically reported in mg/cm?) and pact is the crystal
density of the active material: pLivno2 = 3.89 g/cm?, pano2 = 4.74 g/em?® (averaged density of

different polymorphs of MnQ2), pLicoo2 = 5.05 g/em?, pvaos = 3.36 g/cm’.

The theoretical currents at 1 C are the currents required for complete removal/insertion

of Li" in the active materials in 1 hour of reactions:

Li" +CoO, +e" &2 LiCoO, 274 mAh/gricoo2 (S9)
Li* + MnO, +e- & LiMnO, 285 mAh/gLivno2 (for MnO2, LixMnO; and LiMnOz) ~ (S10)
2Li" +MnSiO, +2e” 22 Li,MnSiO, 333 mAh/grLimnsios (S11)

2Li" +2Mn0, + 26" 22 Li,Mn,0, 296 mAh/gLimn204 (512)
(spinel LiMn,Os4 cycled between 4.5 and 2.5 V vs. Li*/Li)

2L + V0O, +2¢” 2 Li,V,0O, 294 mAh/gv205 (S13)
(in the studied potential range in refs.,>**! down to 2.0 V vs. Li*/Li)
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Supporting tables

Table S1. Thermodynamic parameters of three LMO’s used for thermodynamic calculations

Compound AH’ St A B C D E F
(kJ/mol)  (J/(Kmol))

m-LiMnO," -828.70% 78.28% -14.361  546.961 -0.239  -913.381  0.007 521.827
LiMn,04™ -1381.65% 133.70% 154513  89.929  -38.469 -102.414 4.39%4 61.706
LixMnOs' -1233.05% 107.22% 136.850  22.400  -31.220 0.000 0.000 0.000

*For m-LiMnOg, the heat capacity coefficients (A-F) were fitted from isobaric heat capacities (Cp) calculated
from the isochoric heat capacities (Cy) reported in ref.>®, according to equation C,=C, + S°BVT , where f is

the coefficient of volumetric thermal expansion (taken as 5.64x107 1/K),’ B is the bulk modulus (102 GPa),*®
V is the unit cell volume (38.406 A%)*® and T is temperature.

“For LiMn,Os4, the heat capacity coefficients were fitted from the coefficients reported in Table 3 in ref. *
For Li,MnOj3, the heat capacity coefficients were fitted from the C,, values reported in ref. 3°

{Estimated with HSC Estimate Module v. 9.6.1

Table S2. Standard Gibbs free energies of formation

Compound AG{ (kJ/mol)
m-LiMnO, -771.83
LiMnyO4 -1271.29
LixMnO3 -1146.30
MnO, -465.12
LiOH -438.92
Li,COs3 -1132.10
LiNO; -384.713
H,0() -228.58
COs 139436
NOs +51.18
NOy) +86.61
N2Og +103.72
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Table S3. Properties of some 3D core-shell Li-ion cathodes reported in the literature

Cathode de (um) *  tact (Nnm) Discharge capacity @ Reported Theoretical U(w) Loading VFact VF; Ref.
reported C-rate current @ 1C current @ 1C (g/em®) (%) (%)
This work 33 12+£2 214 mAh/em® @ 1.2 C°  26.8 A/mol Mn = 26.8 A/molMn= 3.0 ~0.78 25+10 24 -
94 mAh/cm® @ 24 C" 269 mA/cm? 269 mA/cm? (LiMnO,)
Li;MnSiO4/10 N/A 150-200 298 mAh/em® @ 0.8 C 333 mA/gat = 333 mA/gaee 3.2 2.8 90 <10 40
191 mAh/em® @ 1.6 C 1231 mA/cm3¢
LixMnO»/10 N/A 30 198 mAh/g.c @ 1.1 C 198 mAh/gac © 285 mA/g Limno2 3.0 N/A N/A 6 4
76 mAh/ga @ 1114 C ~308 MA/E vm02
MnO,/CNT 60 6.5 108 mAh/cm’® @ 0.1 C ¢ 150 mA/gact = 308 mA/gact= 3.0 0.35 7 N/A 2
33 mAh/cm® @ 20 C ¢ 52.5 mA/em? ¢ 108 mA/cm?
LiMn,0O4/Si pp ~55 ~250 85 mAh/cm® @ 0.1 C 370 pA/cm? = 1270 mA/gact 3.5 0.02f 7f ~30 23
51 mAh/cm® @ 10 C 67 mA/cm3 83 mA/cm? ©
LiCoO2/Al NWs 8 30 ~156 mAh/cm® @ 0.03 C ~156 mA/cm? N/A 3.8 N/A N/A ~40 =
~104 mAh/cm® @ 8 C
LiCo0,/C fiber 130 270-980 82 mAh/cm®* @ 0.1 C 274 mA/ga = 274 mA/gac= 3.9 0.72 14 18 44
62 mAh/cm* @ 2 C 192 mA/cm? 192 mA/cm?
LiCo0O,/C foam 500 N/A 401 mAh/cm® @ 0.05 C 137 mA/gact = 274 mA/ga = 3.9 2.9 57 15 4
303 mAh/cm® @ 2 C 397 mA/cm3 ¢ 795 mA/cm?
LiCoO,/CNF 100 ~125 110 mAh/cm® @ 0.5 C 137 mA/gaet = 274 mA/ga= 3.9 0.81°F 16t N/A 4
85 mAh/cm® @ 50 C 110 mA/cm? ¢ 215 mA/cm?
V205/CNT/PAN 57 <100 178 (139) mAh/cm® @ 0.5 C & 300 mA/gact = 294 mA/gat = 3.0 0.51h 15 N/A 30
126 (96) mAh/cm®* @ 5 C 150 mA/cm3 152 mA/cm?
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Table S3. Continued

Cathode det (um) *  tact (Nnm) Discharge capacity @ Reported Theoretical U () Loading VFact VF;s Ref.
reported C-rate current @ 1C current @ 1C (g/em®) (%) (%)
V20s5/10 6 60 ~243 mAh/cm®* @ 1 C 294 mA/gact = 294 mA/gacc = 3.0 0.94 28 <10 3
123 mAh/cm® @ 100 C' 285 mA/cm? 285 mA/cm?
m-LiMnO; NPs N/A 40-60 170 mAh/g @ 50 mA/g N/A 285 mA/g. 3.3 2 mg/cm? N/A N/A 46

~66 mAh/g @ 1000 mA/g

2 Abbreviations: d — thickness of 3D electrode, t.« — thickness of active material layer, U — average discharge potential at low C-rates, VFa — volume fraction of 3D electrode
occupied by active material, VF; — volume fraction of 3D electrode occupied by 3D substrate, 10 — inverse opals, pp — micropillars, NWs — nanowires, CNT — carbon nanotubes,
PAN - polyacrylonitrile nanofibers, CNF — carbon nanofibers, NPs — nanoparticles

baveraged from five discharge-charge cycles at 24 C

¢ based on the correspondence with the first author

dbased on the reported gravimetric capacities, electrode thickness and averaged loading of MnO> of 2.1 mg/cm?

¢ based on the claim that the capacity recorded at 10 C corresponds to 61% of theoretical capacity

Finferred from the discharge capacity at the lowest C-rate

¢ The authors report gravimetric capacity of 149 mAh/gcamode corresponding to volumetric capacity of 178 mAh/cm?. However, calculating volumetric capacity using the reported
electrode thickness (57 pm), superficial cathode density (5.2 mg/cm?) and gravimetric capacity gives volumetric capacity of 139 mAh/cm®. We have asked the authors for
clarification of this discrepancy but received no response up to date. Thus, next to the original volumetric capacities, we give in parenthesis the values calculated according to
the reported electrode dimensions, density and gravimetric capacity.

! based on the reported V,Os mass fraction of 56%, electrode thickness and superficial cathode density.

" based on the reported relationship between gravimetric and volumetric capacities
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Supporting figures

Fig. S1 Up-scalable character of the Ni nanomeshes in area, shape and thickness. (a)
Photograph of two circular wafer-supported nanomeshes with 2.5 cm? and 25 cm? footprint
area (black area in the middle of each wafer), prepared using electrochemical cells with
different window size (shown above the wafers); (b) Photograph of a free-standing rectangular
nanomesh foil, also showing the flexibility of the free-standing nanomesh foil (inset); (¢) SEM
images of nanomeshes with increasing network thicknesses. The thickness of the nanomesh
can be precisely adjusted by changing the time of Ni electrodeposition.
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Fig. S2 XPS spectra of MnOx. (a) Mn 2p spectrum; (b) O 1s spectrum. The content of
structural water (-OH and H-OH) in the material was calculated as 2n(1-n)%, where n is the
sum of relative contributions of the -OH and H-OH peak areas to the overall O 1s spectrum.
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Fig. S3 Calculated Gibbs free energies of formation of LiMn204, LiMnO and Li2MnO3
through reaction of MnO> with LiOH, Li>COz and LiNOz. For LiNOs3, the reactions were
considered for different gaseous reduction products (NO2, NO, N20O and N2). The Gibbs free
energy of oxidation of Ni with MnO: is also given (Ni/NiO).
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Fig. S4 SEM images of the LixMnO2-coated nanomesh electrode made by impregnation with
LiOH, annealing at 250 °C and washing with water. (a) Low magnification image taken at 45°
angle, (b) High magnification cross section image.

—— 1 cycle
2 1 —— 2 cycle

Current density (mA/cm?)

Q (2 cycle) =0.98 Q" (1 cycle)

'3 T T T T T T T T T T T
2.0 2.5 3.0 3.5 4.0 4.5
Potential vs. Li+/Li (V)

Fig. S5. Cyclic voltammograms of nanomesh cathode prepared from drop-cast LiOH annealed
at 250 °C, showing first and second CV scan. The large cathodic peak in the initial negative
scan indicates lithium insertion into the as-synthesized, mostly lithium-free LixMnOz (the
integrated cathodic charge recorded in the second CV cycle was 0.98 of the cathodic charge in
the first cycle). The voltammograms were recorded in 1 M LiClO4 / propylene carbonate at
10 mV/s.
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Fig. S6. Electrochemistry of LixMnOz/nanomesh electrodes prepared from different precursors
and methods. (a) Cyclic voltammetry, (b) Mean discharge capacity recorded at various currents
between 4 and 2 V vs. Li*/Li on electrodes prepared from drop-cast and ALD-deposited LiOH.
For each current, five discharge-charge cycles were recorded, and the capacities averaged. The
electrochemical measurements were performed in 1 M solution of LiClO4 in propylene
carbonate. The electrode prepared from drop-cast LIOH was annealed in N2 at 250 °C for 2 h
and the electrode prepared through ALD deposition of LiOH was processed in Ar at 250 °C for
72 h. The electrode prepared from Li isopropoxide was annealed in Ar for 2 h at 250°C,
followed by annealing in N2 for 2 h. The electrode prepared from drop-cast Li citrate was
annealed in air at 250 °C for 12 h.
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Fig. S7. Cyclic voltammograms of the LixMnO,-coated nanomesh and of a nanomesh with
thermally oxidized surface. The ratio between the charges recorded on the bare and LixMnO:-
coated nanomesh of 0.06 was used for subtracting capacity due to background processes from
the recorded capacities on the nanomesh cathodes.
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Fig. S8. Stability of LixMnO2/nanomesh and other 3D-nanostructured core-shell electrodes
reported in the literature. (a) Capacity retention after 50 cycles with respect to the first cycle
capacity; (b) Capacity fading during continuous cycling. The nominal C-rates (C-rates based
on estimated maximum theoretical capacities) at which the measurements were performed are
presented in (a). The capacity fade in (b) was calculated from the relation a/Cao, where a is the
linear slope of the capacity change between 40" and 50™ cycle and Cao is the capacity at 40%
cycle. The literature data was graphically extracted using WebPlotDigitizer. The references are
presented in Table S3.
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