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Anodizing/re-anodizing behavior in various electrolytes
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Fig. S1. Voltage-time and current-time responses during: (a) the anodizing of an Al(800 nm)/Nb(25
nm)/Mo(170 nm)/SiO; trilayer in 0.6 M H,C,04 (oxalic acid) followed by re-anodizing in 0.5 M
H3;BOs; and 0.05 M Na;B4O7 (borate buffer) up to 275 V; (b) the anodizing of the same trilayer in
0.6 M H,C,04 (oxalic acid) followed by re-anodizing in the borate buffer up to a maximum possible
voltage (306 V); (c) the anodizing of the same trilayer in 0.2 M H3;PO4 (phosphoric acid) at a
steady-state voltage of 150 V immediately followed by re-anodizing in the same electrolyte without

a break up to 160 V.



Elucidating the inner film structure and interfaces for quantitative analysis

0X48 0X48-180
ad RMoO, (core)

Nb,O.-rich mixed oxide

Al/Mo interface
mixed Nb,0.-Mo00O,-Al,0,

mixed Nb,05-MoO, Nb/Mo interface

Former
Nb/Mo Pure MoO,

interface

SEM HV: 30.00 kvV WD: 5.013 mm MIRAWTESCAN  SEM HV: 30.00 kV WD: 4.953 mm MIRAWTESCAN  SEM HV: 30.00 kV WD: 4.953 mm MIRAW\ TESCAN
y -

View field: 1.445um  Det: InBeam 200 nm w. Viewfield: 1.376 um  Det: InBeam 200 nm wi Viewfield: 1.376 um  Det: InBeam 200 nm -l

Fig. S2. SEM cross-sectional images of the (a) OX48 PAA-inbuilt sample and (b, c) OX48-180 PAA-inbuilt sample.
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Fig. S3. SEM cross-sectional images of the PAA-inbuilt samples (a) OX48, (b) OX48-150, (c) OX48-180, and (d) OX48-220. The image in panel (e) shows the
PAA-free 0X48-220 sample. The yellow dashed line marks the Mo/SiO, interface. The blue lines indicate the development of the nanostructured and bottom

anodic oxides with increasing re-anodizing voltage.



XPS supplementary information

Nb 3d loss peak deconvolution

The fitting of the Mo 3d spectra was complicated by an overlap with the Nb 3d loss peaks at 221—
227 eV. Their intensity was proportional to the intensity of the corresponding Nb 3d peaks, as seen
in the combined Mo 3d + Nb 3d spectra of various metallic and anodic films with Mo content
ranging between 0 and 35 at.% (when at.%(Mo+Nb) = 100 at.%, Fig. S4, left column). Inspired by
the spectra of the low-Mo-content films (i.e., the pure Nb and OX48 films), we selected the 218—
231 eV range for deconvoluting the Nb 3d loss contributions. The low-energy edge of the range
(218 eV) may be too arbitrary since the intensity steadily increases from the edge of the Nb 3d
peaks at around 212 eV. However, if the Nb 3d loss part of all the Mo-Nb-based samples is
deconvoluted similarly, the result (mainly the Mo content) should be comparable for the samples.
The ratio of the areas below the Nb 3d loss (~218-231 eV) and Nb 3d (~200-211 eV) peaks was
0.09+0.01 for the two low-Mo-content films; however, it was 0.17540.02 for the higher-Mo-content
films, i.e., above ~10 at.% Mo (~25 samples), although the same range was used for deconvoluting
the Nb 3d loss peaks. We attribute such a difference to the fact that the background is established
differently below the high-BE part of the Nb 3d loss peaks in the case when a relatively higher

amount of Mo is present in the film, as seen in Fig. S4, right column.

The Nb 3d loss range was deconvoluted using three broad singlets, with the average positions at
221.0, 223.5, and 226.8 eV. We expected that two of them would be attributed to the main
oxidation states of Nb found in the corresponding Nb 3d spectra (Nb® and Nb”*), with their intensity
ratio reflecting the intensity ratio of the Nb 3d doublets. However, this was not the case. The
intensity ratio of the highest-BE peak relative to the sum of the lower-BE peaks appears smaller for
the two low-Mo-content films (0.2) and rises for the higher-Mo-content films (0.55+0.1). This
difference is, again, attributed to the background selection depending on the presence or absence of

Mo 3d peaks.
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Fig. S4. Experimental and curve-fitted narrow-scan (left column) combined Mo 3d and Nb 3d and
(right column) individual Mo 3d XP spectra of the metallic precursor films and anodic films

prepared in this study, focusing on the Nb 3d loss peaks and their deconvolution.



Further XPS figures and tables

Table S1. Summary of the binding energies (BEs), the full widths at half maxima (FWHMs), and
the at.% of the components in the XP spectra in Fig. 4 of the main text. The BEs of the Mo 3ds, and
Nb 3ds), peaks are listed.

PAA-free OX48-based films

Mo 3d Nb 3d Al 2p
0OXx48 state  BE/eV fwhmat% state  BE/eV fwhm at% state  BE/eVfwhm at%
Moé+-OH 234.25 1.60 16 Nbs+ 207.10 1.1073.1 Als+ 7465 1.7071.3
w Moé8+ 232.45 1.60 40 Nb4+ 205.55 1.20 2.0 Alo 7210 0.80 28.7

Mos+ 231.00 1.65 31 Nb3+ 203.85 1.40 2.0
Mo#+ 229.25 1.60 13 Nb2+ 202.30 1.10 3.3
Nb loss1 226.00 4.00 n/a Nbo 201.40 0.50 19.6
Nb loss2 222.50 3.80 n/a
Nb loss3 220.15 2.00 n/a

0X48-220 state  BE/eVfwhmat% state  BE/eVfwhm at% state  BE/eV fwhm at%

Mo¢+-OH 234.30 1.70 5 Nbs+ 207.30 1.15 95.9 AlF*-OH 76.15 1.60 9.4
Moé&+ 232.35 1.45 13 Nb4+ 205.70 1.20 2.6 Al3+ 74.45 1.50 89.0
Mos+ 230.85 1.60 30 Nb3+ 204.40 1.20 0.6 Alo 72.05 095 1.6
Mo#+ 229.55 1.60 52 Nbo 202.55 0.60 0.9

Nb loss1 227.00 4.00 n/a

Nb loss2 223.75 3.30 n/a

Nb loss3 221.25 2.70 n/a

[=

air-annealed state  BE/eVfwhmat% state  BE/eVfwhm at% state  BE/eV fwhm at%

0X48-220 Mos* 23250 155 31 Nbs-OH207.95 1.30 4.0  AlF-OH 75.85 1.80 12.1
Mos* 23125160 39  Nbs  207.15 1.05941 AP 7440 1.6086.3
Mo+  229.85 1.60 30  Nb# 20570 130 1.3 A0 7210 075 16
Nb loss1 227.00 400 n/a  Nb%*  204.40 1.30 0.6

Nb loss2 223.65 3.00 n/a

Nb loss3 221.20 2.80 n/a

[=

vacuum-annealed state BE/eVfiwhmat% state  BE/eV fwhm at% state  BE/eVfwhm at%

0X48-220 Mos+  232.65 1.50 61 Nb5-OH 208.00 1.20 7.4  Al*-OH 76.10 1.70 13.4
Mos 23125150 26  Nbs  207.20 1.0591.9 A 7490 1.8586.6
Mo# 22970 155 13 Nb% 20550 1.20 0.7

Nb loss1 227.00 4.00 n/a

Nb loss2 223.55 3.65 n/a

Nb loss3 221.10 2.60 n/a




The effect of re-anodizing voltage and Nb interlayer thickness
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Fig. S5. Experimental and curve-fitted narrow-scan (left column) Mo 3d, (middle column) Nb 3d,
and (right column) Al 2p XP spectra of the OX48-based films re-anodized to (a—c, g—i) 180 V or
(d—f, j-1) 220 V, made from the (a—f) Al/25nmNb/Mo or (g—1) Al/15nmNb/Mo trilayer, to show the
effect of the re-anodizing voltage and the Nb-interlayer thickness on the Mo content. The

corresponding peak positions, FWHMs, and at.% of the components are summarized in Table S2.



Table S2. Summary of the BEs, FWHMs, and at.% of the components in the XP spectra shown in
Fig. S5. The BEs of Mo 3ds, and Nb 3ds, peaks are listed.

The effect of re-anodizing voltage and Nb interlayer thickness

Mo 3d Nb 3d Al 2p

0X48-180 state  BE/eV fwhm at% state BE/eV fwhm at% state  BE/eVfwhm at%
Mo6+-OH 234.30 1.70 9 Nbs+ 207.25 1.15 95.5 AlF*-OH 75.85 1.80 15.1
Mo®* 232.30 1.60 17 Nb4 205.55 1.30 2.1 Al3+ 74.35 1.5082.9
Mo5* 230.75 1.70 29 Nbo  202.35 0.65 2.4 Alo 7210 095 2.0
Mo#+ 229.50 1.70 45
Nb loss1 227.00 4.00 n/a
Nb loss2 223.60 3.75 n/a
Nb loss3 221.05 2.80 n/a

0X48-220 state  BE/eV fwhm at% state BE/eV fwhm at% state  BE/eVfwhm at%
Mo6+-OH 234.30 1.70 5 Nbs+ 207.30 1.15 95.9 AlF*-OH 76.15 1.60 9.4
Mo®* 232.35 145 13 Nb4+ 205.70 1.20 2.6 Al3+ 74.45 1.5089.0
Mos* 230.85 1.60 30 Nb3+ 204.40 1.20 0.6 Alo 7205 095 1.6
Mo#+ 229.55 1.60 52 Nbo  202.55 0.60 0.9
Nb loss1 227.00 4.00 n/a
Nb loss2 223.75 3.30 n/a
Nb loss3 221.25 2.70 n/a

0X48-180-15nmNb state  BE/eVfwhm at% state BE/eV fwhm at% state  BE/eVfwhm at%
Mo®+-OH 234.15 1.70 6 Nbs+ 207.30 1.15 88.3 AlF*-OH 76.15 1.70 9.6
Mos+ 232.35 140 13 Nb4 205.60 1.20 3.4 Al3+ 7445 1.5585.2
Mos+ 231.05 1.50 26 Nb3+ 204.40 1.20 1.4 Alo 7215 085 5.2
Mo#+ 229.65 1.60 55 Nbo  202.50 0.45 6.9
Nb loss1 227.00 4.00 n/a
Nb loss2 223.60 3.50 n/a
Nb loss3 221.10 2.65 n/a

0X48-220-15nmNb state  BE/eVfwhm at% state BE/eV fwhm at% state  BE/eVfwhm at%
Mo6+-OH 234.30 1.70 6 Nbs+ 207.20 1.1597.5 AlF*-OH 76.00 1.7515.0
Mos+ 232.10 1.60 21 Nb4+ 205.55 1.20 1.5 Al3+ 74.30 1.4584.1
Mos+ 230.75 1.60 34 Nb3+ 204.20 1.30 0.6 Alo 72.00 0.70 0.9
Mo#+ 229.60 1.60 39 Nbo  202.25 0.60 0.4
Nb loss1 227.00 4.00 n/a
Nb loss2 223.70 3.05 n/a

Nb loss3 221.25 2.60 n/a



PAA-half-etched and PAA-free 0X48-220-based films
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Fig. S6. Experimental and curve-fitted narrow-scan (left column) Mo 3d, (middle column) Nb 3d,
and (right column) Al 2p XP spectra of PAA-half-etched OX48-220-based anodic films (made from
the Al/25nmNb/Mo trilayer): (a—) the as-prepared OX48-220 and (g—i) air-annealed OX48-220

films. The corresponding PAA-free films are shown here again for comparison (d—f, j—1). The

corresponding peak positions, FWHMs, and at.% of the components are summarized in Table S3.



Table S3. Summary of BEs, FWHMs, and at.% of the components in the XP spectra in Fig. S6. The
BEs of Mo 3ds/; and Nb 3ds; peaks are listed.

PAA-half-etched and PAA-free OX48-220-based films

Mo 3d

Nb 3d

Al 2p

as-prepared
PAA-half-etched
0X48-220 film

Ll

state BE/eV fwhm at%

state BE/eV fwhm at%

state  BE/eVfwhm at%

Mo®+-OH 233.90 1.70 8
Mo8* 232.30 1.50 33
Mos+ 231.00 1.55 32
Mo#+ 229.75 1.65 27
Nb loss1 227.00 4.00 n/a
Nb loss2 223.70 3.15 n/a
Nb loss3 221.20 2.80 n/a

Nb5+ 207.00 1.45 100

Al3+ 74.80 1.70 100

as-prepared
PAA-free
0X48-220 film

i

state BE/eV fwhm at%

state BE/eV fwhm at%

state  BE/eVfwhm at%

Mo¢*-OH 234.30 1.70 5
Mo¢+ 232.35 1.45 13
Mos* 230.85 1.60 30
Mo#+ 229.55 1.60 52
Nb loss1 227.00 4.00 n/a
Nb loss2 223.75 3.30 n/a
Nb loss3 221.25 2.70 n/a

Nbs+ 207.30 1.15 95.9
Nb4+ 205.70 1.20 2.6
Nb3* 20440 1.20 0.6
Nbo° 202.55 0.60 0.9

AlF*-OH 76.15 1.60 9.4
Als+ 74.45 1.50 89.0
Alo 72.05 0.95 1.6

air-annealed
PAA-half-etched
0X48-220 film

Ll

state BE/eV fwhm at%

state BE/eV fwhm at%

state  BE/eV fwhm at%

Moé&+ 232.40 1.60 53
Mos* 230.80 1.60 33
Mo#+ 229.50 1.60 14
Nb loss1 227.00 4.00 n/a
Nb loss2 223.40 3.40 n/a
Nb loss3 221.10 2.50 n/a

Nb5+-OH 207.95 1.20 6.1
Nbs+ 207.05 1.10 93.9

AR+ 7490 1.80 100

air-annealed
PAA-free
0X48-220 film

i

state BE/eV fwhm at%

state BE/eV fwhm at%

state  BE/eVfwhm at%

Mo¢&+ 232.50 1.55 31
Mos+* 231.25 1.60 39
Mo#+ 229.85 1.60 30
Nb loss1 227.00 4.00 n/a
Nb loss2 223.65 3.00 n/a
Nb loss3 221.20 2.80 n/a

Nb5+-OH 207.95 1.30 4.0
Nbs+ 207.15 1.05 94.1
Nb4* 205.70 1.30 1.3
Nb3+ 204.40 1.30 0.6

AlF*-OH 75.85 1.80 12.1
Als+ 7440 1.60 86.3
Alo 7210 0.75 1.6



XRD interpretation
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Fig. S7. 2D and extracted conventional as-recorded, calculated, and difference diffractograms of the
0X48-based samples: as-prepared OX48, OX48-180, and OX48-220 samples, vacuum-annealed
0X48-220 and air-annealed OX48-220. Sample codes are explained in Fig. 1 and Fig. 2 of the main

text.



XRD examination: The main refinement parameters and quantitative phase analysis

The Rietveld refinement (Rietveld, 1969) was performed with the TOPAS v6 software (Bruker
AXS GmbH, 2017; Coelho, 2018). The background was modeled with a 2nd-order Chebyschev
polynomial. The instrumental contribution to the diffraction profile was calculated with the LaBg
(NIST SRM 660c). The relative quantitative phase analysis was obtained by refining the Rietveld
scale factor for each phase and applying the corresponding well-known equations (Hill & Howard,
1987). The peak width of each phase was modeled with the Double-Voigt Approach (Balzar, 1999)
by considering the Lorentzian contribution (for minor phases) and also the Gaussian contribution
(for major phases) of the crystallite size effect and discarding any contribution of the microstrain to
the peak width. The averaged integral breadth was obtained from the resulting fitted Voigt function
to the whole diffractogram. The Scherrer equation (Stokes & Wilson, 1942) was then applied to
obtain the apparent crystallite size. The preferred orientation effect was corrected with the March-
Dollase model (Dollase, 1986; March, 1932). The error in wt.% estimated for minor phases is
higher due to the high preferred orientation. The refinement process results in a high correlation
between the Rietveld scale factor, which is directly related to wt.%, and the March-Dollase

parameter, which corrects the preferred orientation.
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all OX48-based samples prepared in this work.

Table S4. The main refinement parameter and results of quantitative phase analysis performed for

Sample
File TI05810002 | Rwp [6.70
Phase S.G./Cell (A) | Cryst. Size PO wt.%
(nm)
Mo Im3m 20.4(2) <110> 96(3)
3.15425(6) 0.380(2)
Nb Im3m 12.2(3) <110> 4(3)
3.3228(3) 0.26(5)
Sample
File T102320098 | Rwp | 7.87
Phase S.G./Cell (A) | Cryst. Size PO wt.%
(nm)
Mo Im3m 20.1(3) <110> 98(2)
3.15276(7) 0.402(3)
Nb Im3m 4.8(6) <110> 2(2)
3.351(3) 0.33)
Sample
File TI05810007 | Rwp | 6.80
Phase S.G./Cell (A) | Cryst. Size PO wt.%
(nm)
Mo Im3m 20.2(3) <110> 100
3.15665(7) 0.390(3)
Sample 0X48-220 vacuum-annealed
File T102320088 | Rwp | 8.37
Phase S.G./ Cell (A) | Cryst. Size PO wt.%
(nm)
Mo Im3m 28.2(5) <110> 74(10)
3.14574(7) 0.355(3)
MoO, P2,/c 19(2) § <212> 24(8)
5.614(5) 0.57(3)
4.833(4)
5.608(3)
120.81(5)
Nb,Os Pbam 19(4) § <001> 1.6(19)
6.205(8) 1.3(3)
29.1(3) <100>
3.90(5) 0.20(17)
Sample 0X48-220 air-annealed
File TI05810008 | Rwp | 8.59
Phase S.G./Cell (A) Cryst. Size PO wt.%
(nm)
Mo Im3m 23.8(4) <110> 63(13)
3.14786(8) 0.397(3)
MoO, P2,/c 19.5(11) <212> 33(12)
5.624(3) 0.66(2)
4.841(3)
5.633(2)
120.95(3)
Nb,Os Pbam 27.7(13) <001> 5(3)
6.215(3) 0.39(4)
29.1(2) <100>
3.9123(5) 0.1(9)

§ The Crystallite Size for these phases has been fixed because of the low-intensity peaks




Justification of the crystalline-oxide location in the annealed samples

This calculation aimed to confirm where the crystalline oxides reside in the air- and vacuum-
annealed OX48-220 samples (Fig. 7, Fig. S7) - in the bottom-oxide layer or/and in the rods’ cores.
We estimated the wt.% of the phases from the geometrical parameters of the films revealed by the
SEM analysis, considering the thickness of the remaining Mo layer (SEM-based wt.%), and
compared them with the wt.% obtained by the XRD analysis. The assumption about the location of
crystal phases preferentially in the bottom oxide was based on our previous experience with various

. . . . 1.2.3.4
PAA-assisted re-anodized and annealed nanostructured anodic oxides. >

Fig. S8 shows schematics of the as-prepared OX48-220 film, indicating the thicknesses of metallic
Mo remaining below the anodic film after completing the anodizing and re-anodizing processes, the
thickness of MoO, in the bottom oxide, and the thickness of NbO, in the bottom oxide. The
thicknesses remain unchanged after the annealing procedures, which is concluded based on the
SEM cross-sectional analysis of the annealed films and monitoring the intensity of (110) Mo peak
(Fig. S7).

From the geometrical parameters (Fig. S8), we calculated the vol.% of the materials (see Table S5).
For example, the vol.% of Mo was 130/(130+95+25) = 52 vol.%. Based on the material densities,
the SEM-based vol.% were recalculated into the SEM-based wt.%, and these were compared with
the XRD-based wt.% for the two samples. All the values are listed in Table S5. As one may see, the
XRD-based wt.% of the oxide phases in the two films are nearly the same or lower than the SEM-
based wt.%. Therefore, the two oxide phases in the two samples reside merely within the bottom-

oxide layer (bottom-oxide nanoballs).

0OX48-220

i il e S

MoO, ~95 nm
‘~130 nm
Mo 100 nm

Fig. S8. Schematics of the OX48-220 film used for calculating SEM-based wt.% of crystal phases
(if they would fill the whole bottom-oxide layer), to be compared with the XRD analysis results
(Fig. 7, Fig. S7, and Table 4).



Table S5. A summary of material parameters and various fractions of crystalline materials used for

evaluating the location of the crystalline oxide phases in the annealed OX48-220 samples.

Material ~ Density SEM-based SEM-based =~ SEM-based Air-annealed film:  Vacuum-annealed film:

(g cm™) thickness (nm)  vol. fraction  wt. fraction XRD-based wt. XRD-based wt. fraction

(vol.%) (Wt.%) fraction (wt.%) (Wt.%)

Mo 10.22 130 52 64 63(13) 74(10)
MoO, 6.47 95 38 30 33(12) 24(8)

Nb,Os 4.60 25 10 6 53) 1.6(19)

Quantitative analysis of the film formation mechanism

In the following calculation, we will estimate whether the amount of the various oxides generated
during the formation of the OX48-180 sample is sufficient to form the individual parts of the

nanostructured film, i.e., the bottom oxide, the rods’ shells, and the rods’ cores.

The starting data for this calculation was the thicknesses of the Nb and Mo layers consumed during
the anodizing/re-anodizing. The thickness of consumed Nb is equal to its initial thickness (25+5
nm). The thickness of the consumed Mo was estimated to be 25+5 nm, which is the difference
between the initial (170 nm) and remaining after the re-anodizing (145 nm) thicknesses of the Mo
layer. The initial and remaining thicknesses of the Mo layer were obtained from numerous SEM
images of the sample cross sections (as in Fig. S2 and Fig. S3); the wavy (concave) profile of the

Mo/MoO; interface after the anodizing/re-anodizing (Fig. 2, Fig. 9) was also taken into account.

The following equivalent compact anodic films would grow from a 25 nm thick Nb and a 25 nm
thick Mo: 63 nm of Nb,Os and 67.5 nm of MoO, s, assuming the Pilling-Bedworth ratios, PBR, of
2.5 and 2.7, respectively. An average composition of the MoO, oxide with x = 2.5 was selected to
account for the mixed valency of MoQO, revealed by the XPS analysis. The PBR of M0O,s was
selected as an average value for MoOs (3.27) and MoO; (2.11), which were calculated from the

densities and molar masses of the various materials, as listed in Table S6.

Table S6. A summary of parameters of the metals and oxides used for calculating oxide Pilling-

Bedworth ratios (PBR).

Material Density Molar mass PBR: calculated PBR: from literature
(g cm ™) (g mol )
Nb 8.582 92.906 - -
Nb,0s 4.60 265.81 2.67 2.5[5]
Mo 10.223 95.95 - -
MoO; 4.69 143.95 3.27 3.26 [5]
MoO, 6.47 127.94 2.11 -

M002'5 — — 2.69 —




Fig. S9 depicts the top view of the OX48-180 film inherited from Fig. 91, indicating the area used
for the calculation, confined within the red triangle. One-half of a nanorod and one-half of a
bottom-oxide ball are involved in the triangle, with its area Sy = D¢enia@/2 = 6235 nrnz, where Deent 18

the center-to-center distance (120 nm) and a = \/(3/2) Deent.
The volumes of the oxides grown within the triangle are

Vimos = dSa =63 nm x 6235 nm” = 3.93 x 10° nm’ and Vo025 = 67.5 nm x 6235 nm” = 4.21 x 10’
nm’,

which are the oxides available to form the bottom-oxide balls, nanorods’ cores, and shells within
the triangle (the colors correspond to the two oxides). The total available oxide volume is thus
~8.14 x 10° nm’. The error of calculating these volumes is relatively high because the accuracy of

estimating the metal-film thicknesses by SEM is about £5 nm; therefore, the volume-estimation

error may reach ~20% for each oxide.

_ _rod core

¢
~.—rod shell

] NbO,
C [ 1 Mo0,
100 nm

Fig. S9. Schematic surface image to estimate the geometrical parameters of the OX48-180 film used
for calculating the amount of the various oxides in the nanostructured film. The calculation was
done within the area marked by the red triangle, involving 2 of a nanorod and 2 of a bottom-oxide

ball. The schematic is inherited from Fig. 9f.

Further, we calculated the approximate volumes of oxide material needed for forming the various
parts of the OX48-180 film. A bottom-oxide ball was approximated with a pressed ball, i.e., a
spheroid, having two axes of D¢, and one of dgo (bottom-oxide thickness dgo = 102 nm). Thus, its
volume within the red triangle is

Vo = 1/2 x 4/31 (Deent/2)* (do/2) = 1/12 x 1 x 120* x 102 = 3.84 x 10° nm’.

This value is likely underestimated since the balls are even more pressed along the substrate, so the
real Vpo value lies somewhere between 3.84 x 10° nm® and the volume of an entirely uniform

compact bottom oxide Vgomax = 102 nm x 6235 nm’ = 6.36 x 10° nm’ , which is around 4.7 x 10°



nm’. About one-third of this volume (1.57 x 10’ nm’) should belong to Nb,Os, whereas the rest
belongs to MoO, (3.13 x 10” nm”).

The neck of a rod (its diameter is equal to the pore diameter d, = 29 nm, and its height is about 45
nm, leading to a volume of half of the neck of 1.5 x 10* nm?) has a small volume and probably quite

a mixed composition, so its contribution was neglected.

From the rod’s core diameter d, = 29 nm and its height /,,¢ = 405 nm — 45 nm = 360 nm, the core’s

volume within the red triangle is
Veore=1/2x 1 (alp/2)2 Ieoa = 1.19 x 10° nm”.

The cores are assumed to be pure MoOy, alumina- and niobia-free. Giving the nanorods’ shells have
the inner diameter d, = 29 nm, the outer diameter d;,¢ = 50 nm, and the height A,,q = 405 nm — 45

nm = 360 nm, the shells’ volume within the red triangle is

Vanell = 1/2 X 70 [(droa/2)* = (dp/2)*] hroa = 2.34 x 10° nm”.

The shell material contains about 50 at.% Al, 40 at.% Nb, and 10 at.% Mo, which is recalculated
into 31.3 vol.% ALOs, 56.8 vol.% Nb,Os, and 11.9 vol.% MoO, s, resulting in 1.61 x 10° nm’ in
total for the two oxides (2.8 x 10* nm’ of MoO, + 1.33 x 10" nm”’ of Nb,Os).

The obtained volumes are summarized in Table S7. Comparing the total available and needed
volumes for each oxide, one may see that they agree pretty well (within the estimated error), which
means that the various places in the nanostructured film were formed in the way suggested in Fig. 6
and 9, i.e., having the cores of MoO,, free from alumina and niobia. An indirect support for such a
distribution is the electrochemical behavior, which will be described later in the text. From
comparing the available and needed volumes, it may be concluded that the film-growth model

sketched in Fig. 9 is accurate.

Table S7. A summary of the oxide volumes calculated for the OX48-180 sample within the red
triangle in Fig. S9.

Nb,Os MoO,
Total available volume (nm”) 3.93 x 10° (20%) 4.21 x 10° (20%)
bottom oxide 1.57 x 10° (30%) 3.13 x 10° (30%)
Needed volume to fill the ~ rods’ core - 1.19 % 10° (10%)
various film parts (nm”) rods’ shell 1.33 x 10° (10%) 2.8 x 10* (10%)

total 2.9 x 10° (30%) 4.6 x 10° (30%)




Electrochemical analysis - additional data and interpretations

Additional notes to the experimental part: Galvanostatic charge-discharge (GCD) measurements
were performed in the borate buffer by applying a constant negative current for 60 s to charge the

electrode, and the potential was recorded.

The EIS was carried out in the borate buffer by applying a sinusoidal perturbation of 10 mV to the
open-circuit potential (OCP) or selected bias voltages (for Mott-Schottky measurements) in a
frequency range of 1.0 MHz to 0.01 or 0.1 Hz. For Mott-Schottky evaluation, each EIS
measurement lasted 3 min. The experimental EIS data were analyzed using computer simulation
and fitting software Autolab NOVA (version 1.10). The entire frequency range was used for fitting
with an equivalent electrical circuit containing a constant phase element (CPE) in parallel with a

1/n Rp(l*n)/n 6

resistor, from which the capacitances were extracted C = Yy ,_ although only for the

electrochemical double layer.
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Fig. S10. Examination of the available potential window. Cyclic voltammetry (CV) curves obtained
for the as-prepared PAA-inbuilt 0X48-180 film in the borate buffer with a scan rate of 50 mV s
extending the (a) negative and (b) positive range to find the onsets of H, and O, evolution,

respectively.
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Fig. S11. The calculation of charge (¢) from the CV in Fig. 10a as g = [ i(¢) dz, which is equal to the

capacity. For example, the charge of 0.35 mC during the charging is equal to a capacity of 0.41 pAh
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Fig. S12. Galvanostatic charge-discharge (GCD) curves obtained for the as-prepared PAA-inbuilt
0X48-180 film in the borate buffer at various current densities for 60 s (the negative current leads
to charging of the electrode material): (a,b) potential vs. time and (c,d) recalculated potential vs.
capacity. Panels (b) and (d) show the corresponding zoomed-in parts. The quantities were
calculated relative to the effective surface areas (4.). The capacity shown in Fig. 10b was calculated
by integrating the area above the green curve in the whole measured potential range (the calculation
was performed according to Ref. 7 using Eq. 140 and Fig. 42c for the negative electrodes, also
according to Ref. 8 using Eq. 1).



Mott-Schottky analysis

For the as-prepared PAA-inbuilt OX48-180 film, we measured a series of EIS spectra at potentials
ranging from —0.1 to —1.9 V vs. Ag/AgCl in 0.2V steps (Fig. S13a,b), to perform Mott-Schottky

. 9,10,11,12,13
analysis™ > '~

and estimate the donor concentration in the MoO; at the rod tops, which was
supposed to be an n-type semiconductor.'* However, for battery-like and pseudocapacitive
materials, various contributions to the total impedance were expected besides the capacitance of the
depletion layer;" therefore, an evaluation using a physically meaningful electrical equivalent circuit
was needed. The acquired data (Fig. S13a,b) indicated the presence of two time constants.
Therefore, we used the circuit shown in the inset of Fig. S13b, which consists of a series resistance
(Rs) and two R,—CPE pairs connected in series, whereas the one having a higher R, value (i.e., Ry 1)
also contained Warburg impedance (which is a CPE with n = 0.5, labeled as CPEy, its necessity is
shown in Fig. S14). The agreement between the experimental and fitted EIS data (Fig. S13a,b)

indicate that the circuit suits the measured dataset. Based on the literature”®"

10,11

and our previous
experience, we assign the CPE; and R, to an electrical double layer, the CPE; and R, to either
a depletion layer or pseudocapacitance, depending on whether the potential is above or below the
flat-band potential (which is around —1.2 V vs. Ag/AgCl, Fig. S13c¢), respectively, and the CPEy to

diffusion impedance originating from ion migration in the film and/or related to H, evolution.

The calculated capacitance of the electrical double layer, when related to 4., is 30—70 pF cm_z,
which is slightly higher than that expected for an electrical double layer (10-40 pF cm %).'® The
corresponding parallel resistance (Rp») is very low (5-10 Q cm’, related to A.). Such values

reinforce our assignment of CPE; and R;,» to an electrical double layer.

The admittance, Yj, value of CPE,; increases with decreasing applied potential (Fig. S13c, left -
axis, related to A.), indicating a transition from a depletion layer on the MoOs rod tops to a
conducting oxide around —1.0 V vs. Ag/AgCl. If the capacitances are calculated using C =
Y01/n Rp(1—n)/n,6 which may be an incorrect approach due to Warburg impedance, they increase
from ~120 to ~400 pF cm 2. The very high capacitances of the depletion layer (~120 uF cm 2) and
the relatively low n-values of CPE,; (inset in Fig. S13c¢) indicate that the material is a highly doped
semiconductor with an extremely thin depletion layer (~0.3 nm, assuming the dielectric constant, &,

of 35'"). When attempting to apply the Mott-Schottky equation'*"'

to the slope obtained from the
Mott-Schottky plot (Fig. S13c, right y-axis) to calculate an approximate donor concentration, Ny, we
should have in mind that if the oxide turns into a conducting one at lower potentials, there would be
an additional capacitive contribution to CPE; originating from the pseudocapacitance, which
decreases the capacitance (or Yp) and increases 1/Y, in the Mott-Schottky plot in comparison with a
semiconductor without an additional pseudocapacitive behavior. The slope in the Mott-Schottky
plot is, therefore, ~2-fold lower than it would be if the semiconductor would not show
pseudocapacitance, and the estimated Ny of 2 x 10”2 cm ™ is, therefore, ~2-fold higher than in reality

for the MoOs oxide present at the rod’s tops.



In conclusion, the value for Ny estimated from the Mott-Schottky plot is ~1 x 10** c¢cm™

corresponding to a highly doped #-type semiconductor. "’

Furthermore, the applied potential also influences the values for R, ; and CPEyw (Fig. S13d, related
to 4., while R, is the charge-transfer resistance of the depletion layer): R, ; decreases 20-fold with
decreasing potential, which can be expected. If the depletion layer disappears, the oxide becomes
fully conducting, and the Yy w increases substantially with decreasing potential, in agreement with

the deconvoluted diffusive currents (Fig. 11e).

Baes on the above consideration and calculations, one may see that the results of Mott-Schottky
measurements (Fig. S13c,d) agree with the deconvolution of the CV currents, showing a transition
from a depletion layer to a conducting oxide in the cathodic scan direction, enabling Na"

intercalation.
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Fig. S13. EIS measurements combined with Mott-Schottky analysis for the as-prepared PAA-inbuilt
0X48-180 film. (a,b) Experimental (symbols) and fitted (solid lines) Bode plots at potentials
ranging from —0.1 to —1.9 V vs. Ag/AgCl in 0.2V steps (selected EIS data are shown, V stands in
the legends for V vs. Ag/AgCl). The inset in (b) describes the electrical equivalent circuit used for
fitting. (c,d) Parameters of CPE;, R,,;, and CPEw vs. applied potential obtained by fitting the EIS
curves in (a,b): (c) admittance (¥y), 1/¥,%, and n-value of CPE,, (d) Rp1 and Yow of CPEw. The

impedance in () is related to 4,, whereas the values in (c) and (d) are related to A4..
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Fig. S14. The need to consider Warburg impedance in the selected electrical equivalent circuit is
manifested for the two EIS measurements performed on the as-prepared PAA-inbuilt OX48-180
film (shown in Fig. S13a,b) obtained at —0.5 and —1.1 V vs. Ag/AgCl. The upper graphs show the
Bode plots; the lower graphs show the corresponding Nyquist plots. The symbols are the
experimental points, the lines are the fits, and the blue or red lines represent the fit with or without
the Warburg impedance, respectively. The difference between the two fitting approaches is

significant in the low-frequency range.
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