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Characterization of imogolites samples by Cryo-TEM

A 5 uL drop of the aqueous imogolite suspension (~80 mg.L-") was deposited on an electron
microscopy grid covered with a holey carbon film (Quantifoil R2/2) previously treated with a
plasma glow discharge. The excess liquid on the grid was soaked up with a filter paper, and
the grid was then quickly immersed in liquid ethane to form a thin vitreous ice film. The
overall procedure was executed using a Vitrobot apparatus (FEI Company). The microscopic
observations were made at low temperature (—180°C) on a JEOL 2010 FEG microscope

operated at 200 kV. A Gatan camera was used to collect the images.

(b)
Figure SI-1. Cryo-TEM images of (a) IMO-OH and of IMO-CH; nanotubes.
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Characterization of imogolite samples by Fourier-Transform InfraRed
spectroscopy (FT-IR)

FT-IR spectra were obtained from imogolite (1% by mass) dispersed in KBr pellets. The
powder was compacted into thin self-supporting discs for IR transmission studies by applying
a pressure of about 10° Pa for five minutes. All the spectra were obtained from 100 scans
accumulated with a Bruker Tensor 27 FT-IR spectrophotometer operating with 4 cm!
resolution (Figure SI-2). The wavenumber range was 370-4000 cm!. The background was
subtracted in all cases. The assignment of the bands (Table SI-1) confirm that the samples are

IMO-OH and IMO-CH3;, respectively.
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Figure SI-2. (a) FT-IR spectra of IMO-OH (a) and (b) IMO-CH;

Band assignment Wavenumber (cm™)

IMO-OH |  IMO-CH;

CH; asymmetric stretching - 2976

Si-CH3 methyl symmetric deformation - 1275

Methyl rocking and Si-C stretching - 775
Si-O stretching 944 & 982 910 & 961

Al-O modes 562 561

H,0 bending 1640 1643
O-H stretching 2700-4000 3000-4000

Table SI-1. Band assignment for the infrared bands observed in IMO-OH & IMO-CH3.!



Size distribution of N'Ts agglomerates in the aerosols
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Figure SI-3. Size distribution of the nanotubes agglomerates in the aerosol for (a) IMO-OH
and (b) IMO-CH;.



Complementary results and discussion

C 1s core level spectra obtained from synchrotron radiation-based XPS

experiments on isolated nanotubes agglomerates
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Figure SI-4. Normalized synchrotron radiation based XPS C Is core-level spectrum for IMO-
CH;. The incident energy of the photons was 400 eV. No C Is spectra could be measured in
the case of IMO-OH, evidencing that no adventitious carbon was present in this sample. The
maximum of the C Is core level spectrum is located at 288.6 eV. By subtracting the WF of
IMO-CH;, which is equal to 4.45 eV, we get a binding energy of 284.15 eV, a reasonable
value for a methyl group linked to a silicon atom. For instance, in SiC, the C Is binding
energy was reported at 283.3 eV.?

Calculation of the thickness of the water layer on IMO-CH; NTs containing eosin

Y (isolated samples)

The Al 2p core-level spectra were measured for two incident photon energies (150 and
400 eV). The area of the Al 2p contribution was then normalized with respect to the photon
flux, the number of sweeps during the measurements, and the respective photoionization cross

sections for Al 2p at 150 and 400 eV, respectively. PENELOPE simulation code? allows
0 A12p, 150eV
——=909.

obtaining: 9 AL2p, 400eV The ratio of the Al 2p contribution for the incident photon

energies of 150 eV and 400 eV is thus calculated to be equal to 0.03.

Assuming that:



AAlZp, 150eV,norm ( 1 1 ))

AAlZp, 400eV,norm L150 L400

with d the water thickness of the surface of the particles, and L;sp and L,y the electron
attenuation length in ice for incident photons of 150 eV and 400 eV, corresponding to a
kinetic energy of Al 2p photoelectrons roughly equal to 70 eV and 320 eV, respectively. We
get L;so ~ 1 nmand Ly ~ 1.5 nm in reference.* The water thickness d is then calculated to be

roughly equal to 10 nm.

O 1s core level spectra obtained from synchrotron radiation-based XPS

experiments on isolated nanotubes agglomerates

The O 1s normalized core level spectra measured for both imogolites on isolated nanotubes
are shown in Figure SI-5. These results were obtained with 600 eV energy photons. The same
results were obtained with 900 eV energy photons. The peak at 540.6 eV corresponds to water
vapor. Obviously, the two spectra are very similar for both imogolites. However,
supplementary oxygen contributions are present in IMO-OH as compared to IMO-CHj, i.e. -
OH groups covering the internal surface of the tubes together with internal water molecules.
All these contributions should be probed under our experimental conditions. Obviously, not
being able to detect any difference between the two spectra suggests that the oxygen signal is

dominated by the external water present on the surface of the nanoparticles.
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Figure SI-5. Normalized synchrotron radiation based XPS O Is core-level spectra for IMO-
OH (black) and IMO-CHj; (red). The incident energy of the photons was 600 eV. The total
resolution is 550 meV for IMO-OH and 870 meV for IMO-CH;. The peak at 540.6 eV
corresponds to water vapor. Same results were obtained for 900 eV energy photons (data not
shown).

Electric field in the imogolite wall

In this discussion, imogolite is considered as a cylindrical capacitor. The internal and external
surface of the nanotubes are negatively and positively charged, respectively. The
corresponding charges are labelled as Q; and Q., respectively, with o; and o, the internal and

external surface density of charge (see Scheme SI-1):

Q,= o2nr,L with Te = 0 (Eq. 1)



Scheme SI-1. Scheme of a nanotube, with its internal and external radius (v; and r,,

respectively). Length L is much greater than Tiand e
As there 1s no net charge in the system, i can be expressed as a function of Ter

Te

O—L = - _O—e
"t (Eq.2)

Gauss’ law states that the flux of the electric field out of a closed surface is proportional to the
electric charge enclosed by the surface. In our case, the electric field is thus equal to zero

inside the cavity of the nanotube and outside the nanotube, as there is no net charge. Within

the imogolite wall, due to symmetry, the electric field has only a radial component: E s

directed radially everywhere.

T, r
r<'iorr='¢ E=0

Dds =
for IS TS Te @ ¢ (Eq. 3)

-

with D the electric displacement field: D= ek (Eq. 4)

&r is the relative permittivity of imogolite and €0 is the permittivity of vacuum.

o.2nr.L
¢ = ' = (r)2nrL
“o%r (Eq. 5)

From Egs. 3-4, we get:

Indeed, the electric field is perpendicular to the side of the Gauss surface (which is a cylinder)
and its intensity is uniform on this surface.

air;
E(r) =
Therefore, Eo&rT (Eq. 6)




- 0T

V(r)= In(r)+A4
The potential V(r) is thus equal to: €or (Eq. 7), A being an integration

constant. The sum of the kinetic energy (Ey;,) and of the electric potential energy (¢V(r), with

q the charge) being constant, we get:

Epin(r) + 4V (r) = Epin(re) +av(re) (Eq. 8)

AE = Epin(re) = Epin(ry) = "> In -
0% ¢/ (Eq. 9)

Therefore, the kinetic energy gained by a photoelectron ejected out of the nanotube is equal to

egr; (T
In|—

€or ’"e) (Eq. 10).

The relative permittivity Er of imogolite can be assumed to range between 5 and 8 as in mica,

which has a close chemical formula.’

In the case of IMO-OH, T =94, =145 A.

In the case of IMO-CH3, Ti = 10A;7,=15.5 A‘

In the case of IMO-OH, A}

is equal to 0.7 eV (as compared to kaolinite, see Figure 6 in the
main text). From Eqgs. 10 and 2, and by assuming that the relative permittivity &r of IMO-OH

is equal to 5, we get 9¢ = 45 mC-m, which is in excellent agreement with the value of 42
mC-m-2 given in reference.® The same calculations were also performed for IMO-CHj3, with

AEin equal to 0.2 eV and assuming the same value for £ Jeads to a smaller % value equal to

13 mC-m=.



Valence spectra of imogolites and of water

Liquid experiments were also carried out at the PLEIADES beamline of SOLEIL
Synchrotron, Saint-Aubin, France. The liquid jet set-up is described into details in reference 7.
Liquid water valence spectra was recorded adding NaCl salts (0.05 M) in order to avoid
electrokinetic charging of the liquid microjet.® The measurements were performed with
photons of 100 eV of energy with a total experimental resolution of 70 meV. Data were
energy-calibrated against the adiabatic ionization energy of the X 1b; state of H,O" at 12.6 eV
in the gas phase.>!? The alignment of the state at 12.6 eV for both experiments (liquid jet and
nanoparticles set-up, see the inset of Figure SI-6) evidences the calibration of the data. The
photoionization threshold of water is extrapolated at 10.10 + 0.07 eV, which is in agreement
with previous literature data.!!-!> The valence spectra obtained for water (with NaCl at 0.05 M

concentration) and for both imogolites are given in Figure SI-6.
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Figure SI-6. Valence spectra of IMO-OH (black), IMO-CHj; (red) and water with 0.05 M of
NaCl (blue) measured on the PLEIADES beamline of SOLEIL synchrotron using
nanoparticles and liquid jets, respectively. The energy of the incident photons is equal to 100
eV. The inset shows the calibration of the data.



Valence spectra measured on deposited samples with a laboratory XPS set-up
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Figure SI-7. Valence spectra of IMO-OH (black) and IMO-CHj; (red) measured on imogolite
powder deposited on a carbon tape. The intercept of the linear fit with the x-axis is equal to
3.6 and 4.0 eV for IMO-OH and IMO-CH;, respectively.
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Comparison of the band structure of imogolites and of other oxide
semiconductors
Imogolite’s band structure can be compared with a range of oxide semiconductors (Figure SI-
8). The relationships between the valence (E,) and conduction (E.) band edges and the band
gap (Eg), expressed in eV, (Egs. 11 and 12) determined for oxide semiconductors also apply

to imogolites as demonstrated in Figure SI-8.13

E
E,(V vs NHE) = 1.23 - %’(Eq. 11);

E
E (V vs NHE) = 1.23 + 79(Eq. 12)

Imogolites’ band edges evidence the theoretical capability of these aluminosilicate NTs for
water splitting (Figure SI-8) with a conduction band edge energy above the redox potential of
H*/H, (0 V vs. NHE at pH 0) and a valence band edge energy below the redox potential of
H,0/0, (+1.23 V vs. NHE at pH 0).

Figure SI-8. IMO-OH (black squares) and IMO-CH; (red squares) conduction (E.) and
valence (E,) band edges compared with oxide semiconductors (blue circle). The evolution of
conduction and valence band edges is consistent between oxide semiconductors and
imogolites. The water potential domain is also depicted. See the article of Matsumoto'? for
more details.
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