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Section 1. Structural features and optical properties of titanium suboxides (TSOs)

S1.1. Structural characterizations of TSOs

The raw materials used in this study, including titanium monoxide-TiO powders (100 mesh, 99.9%
metals basis), rutile-TiO2 nanoparticles (25 nm in diameter) and titanium (111) oxide-TiOs powders (100
mesh, 99.9% metals basis), were purchased from Aladdin Chemistry Co. Ltd., China. Both the A-Ti30s and
Ti4O7 powders were synthesized in the laboratory by reduction of the rutile-TiO2 nanoparticles at 1200 €
under a hydrogen atmosphere, whereas the 3-TisOs powders were prepared from the synthesized A-Ti3Os
powders by applying a stress of 1500 MPa.

The crystal structures of all the considered TSOs were examined at room temperature by X-ray
diffraction (XRD) with a Rigaku X-ray diffractometer using Cu-K, radiation (1.54056 A in wavelength).
These include both the commercial TiO and C-Ti,Os powders and the as-prepared A-TisOs, B-TisOs and
Ti4O7 powders. For the as-prepared TSO powders, we performed the full-profile Rietveld refinements on the
recorded XRD patterns using the FULLPROF package!. Results show that the as-prepared A-TizOs powder
sample contains only a single A-Ti3Os phase (Fig. S1.1a), as compared to the reported one with 80.00 vol.%
A-Ti30s and 20.00 vol.% B-Ti3Os%. The as-prepared B-TizOs powder sample consists of 96.81 vol.% B-TizOs
and 3.19 vol.% A-Ti30s (Fig. S1.1b). The as-prepared Ti4O7 powder sample consists of 99.23 vol.% TisO7
and 0.77 vol.% B-Ti3Os (Fig. S1.1c). Table S1.1 presents the refined lattice constants and internal atomic
parameters of the A-Ti3Os, B-TizOs and Ti4O7 phases. Note that our Rietveld refinement results are in nice
agreement with the published data for the A- and B-TisOs phases? and the TisO7 phase’.
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Figure S1.1, Rietveld refinements of the experimental XRD data. The vertical bars indicate the calculated
2 G-positions of the Bragg reflections. a, A-Ti30s. b, B-Ti30s. ¢, TisO7.



Table S1.1, Experimental crystal structural parameters of the A-TizOs, B-TisOs and TisO; phases, refined
with the FULLPROF package. For comparison, the published data in Ref. 2 and Ref. 3 are also complied.

a Lattice parameters Wyckoff positions
This work MNat. Commun. 8, T037 (2015) This work Mat. Commun. 6, T037 (2015)
Polymorph A-Tiz, 1-TigO, x'a yib 2le x/a ¥ zic
Crystal system Menoclinic Monoclinic Ti(1) 0.6288(2) 0 0.0523(2) 0.6202(2) 0 0.0531(2)
Space group €2im {No.12) C2/m (No.12) Ti(2) 0.30773(17) 0 0.2455(2)  0.30586(14) 0 0.2480(2)
a(h) 9.85575(51) 9.83119(19) Ti(3) 0.6326(2) 0 0.4349(2) 0.6330(2) 0 0.4341(2)
b (A) 3.79130(19) 3.78798(7) o(1) 0.4546(7) 0 0.3842(6) 0.4561(8) 0 0.3884(4)
c(h) 9.98731(50) 8.97039(19) 0(2) 0.1782(6) 0 0.0820(6) 0.1778(5) 0 0.0867(5)
BE) 91.2503(14) 91.2909(7) o(3) 0.7417(6) 0 0.2500(6) 0.7321(5) 0 0.2492(5)
V(A 373.009(33) 371.207(20) 04) 0.5464 (7) 0 0.8708(6) 0.5421(5) 0 0.8722(5)
z 4 4 o5) 0.1900(1) 0 0.4284(8) 0.1908(5) 0 0.4265(5)
b Lattice parameters Wyckoff positions
This work Mat, Commun, G, 7037 (2015) This work Nat. Commun, 6, 7037 (2015)
_Polymorph B-TiO, B-TiO wa vib zle wa yib zic
Crystal system Monaclinic Monaclinic Ti(1) 0.1275(5) 0 0.0419(8) 0.1272(2) i} 0.0445(3)
Space group C2/m (No.12) C2/m (No.12) Ti(2) 0.7803(4) 0 0.2680(4) 0.7795(2) 0 0.2673(2)
afh) 9.75304(62) 9.75252(18) Ti(3) 0.0514(8) i} 0.3663(5) 0.0545(2) i} 0.3635(2)
b {A) 3.79998(22) 3.80034(6) o1y 0.6773(22) i} 0.0586(22) 0.B717(8) i} 0.0586(8)
c(A) 9.44368(58) 9.44413(19) of2) 0.2328(22) i} 0.2406(20) 0.2352(7) i} 0.2447(8)
B 91.5411(21) 91.5322(10) 0(3) 0.5972(15) 0 0.3446(18) 0.5930(6) 0 0.3473(7)
V(A% 349.870(37) 349.902(11) 0(4) 0.9461(18) 0 0.1541(21)  0.8516(7) 0 0.1545(8)
Z 4 4 )] 0.8573 (20) 0 0.4485 (21) 0.8726(8) 0 0.4334(8)
c Lattice parameters Wyckoff positions
This work J. Solid State Chem. 29, 47 (1879) This work J. Solid State Chem. 29, 47 (1979)
Palymorph Ti.0; Ti,0, xla yib 2le *'a yib zle
Crystal system  Monoclinic Menoclinic Ti(1) 0.221 (1) 0.153(1) 0.082 (1) 0.216 0.153 0.083
Space group AT (No.2) AT (No.2) Ti(2) 0.216 (1) 0.852 (1) 0.087(1) 0.218 0.653 0.086
a(h) 5.5957(2) 5.5042(6) Ti(3) 0.679(1) 0.438 (1) 0.200 0.683 0.440 0.201
b(A) 7.1252(2) 7.1216(8) Ti(4) 0,692 (1) 0.944 (1) 0.203 0.688 0.924 0.201
e(h) 12.4616(4) 12.4800(1) o) 0.103 (3) 0.850 (2) 0.013(1) 0.108 0.863 0015
a{?) 95.05 95.05(1) O(2) 0.589 (3) 0.787 (3) 0.055(1) 0.587 0.783 0.088
B 9517 95.19(1) O(3) 0.852 (3) 0.490(2) 0.081 (1) 0.856 0.496 0.081
V(A2) 464.91(3) 464.48 o(4) 0.318 (3) 0.425 (2) 0.133 (1) 0.328 0.438 0.139
z 4 4 o(85) 0.519(3) 0.142 (2) 0.163 (1) 0.526 0.145 0.164
o(8) 0.028 (3) 0.068(2) 0.198 (1) 0.028 0.071 0.198
o) 0.204 (2) 0.784(2) 0.221(1) 0.285 0.790 0.224

S1.2. Morphological characterization and hydrophilic feature of A-TizOs powders

The morphology of the as-prepared A-TisOs powders was examined with a field-emission scanning
electron microscope (SEM), showing a mean particle size of ~1 um (Fig. S1.2a). Further analyses by
transmission electron microscope (TEM, Figs. S1.2b and S1.2¢) and Raman spectrometer (Fig. S1.2d)
confirmed that the powders are composed of the A-TizOs phase. According to the contact angle test (Fig.
S1.2e), the as-prepared A-TizOs powders have a hydrophilic nature.
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Figure S1.2, a-d, SEM image, TEM bright-field image, high-resolution TEM image and Raman spectrum
of A-Ti3Os powders. The inset in ¢ is the Fast-Fourier transformation (FFT) of the dotted blue area. e, Contact
angle test of the as-prepared A-TisOs powders.



S1.3. Structural optimization and calculated electronic densities of states of TSOs

Our first-principles calculations were performed based on density functional theory (DFT) using the
improved Perdew-Burke-Ernzerhof version designed specifically for solids (PBEsol)*. To properly account
for the strong Coulomb interaction on the Ti-3d orbitals of all the considered TSOs, the effective onsite
Hubbard U correction was made with the Dudarev formulation®. We adopted a U value of 2.5 eV for C-Ti»O3
and 4.3 eV for the others (see Table S1.2). These U values were chosen to match the experimental bandgaps
of B-TisOs and C-Ti,O3 semiconductors®’. A plane wave cutoff of 520 eV and a I'-centered k-point grid with
a spacing of 0.2 A1 between k points were employed.

Table S1.2 presents the optimized structural parameters for both the commercial TiO and C-TiO3
powders and the as-prepared A-TizOs, B-TisOs and TisO7 powders. The calculated electronic densities of
states (DOSSs) of these TSOs are shown in Fig. S1.3. It can be seen from Fig. S1.3 that the TiO, A-TizOs and
TisO7 compounds exhibit metallic properties, whereas the C-Ti;Oz and B-TisOs compounds possess
semiconducting properties with a respective bandgap of about 0.10 eV and 0.14 eV, in coincidence with the
available experimental values®’.

Table S1.2, Parameters for density functional calculations and optimized lattice constants of TSOs.

TSOs Space group Lattice parameters  Metallic/Semiconducting  Magnetic state U (eV)

a=9.34 A o=90°

C2/m
TiO b=4.14 A p=107.5° Metallic Nonmagnetic 4.3
No. 12
c=5.89 A  ,=90°
_ a=5.15A o=90°
R3C
C-Tiz0O3 b=5.15A p=90° Semiconducting Antiferromagnetic 2.5
No. 167
c=13.61 A ,=120°
a=9.83 A o=90°
C2/m
A-TizOs b=3.79 A =91.29° Metallic Nonmagnetic 43
No. 12
c=9.97 A =902
a=9.75 A  o=90°
C2/m
B-TisOs b=3.79 A =91.53©  Semiconducting Nonmagnetic 4.3
No. 12
c=9.44 A =90°
_ a=5.59 A ¢=64.09<
Al
TisO7 b=6.91 A p=70.98° Metallic Nonmagnetic 4.3
No. 2

c=7.13A ,=75.320
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Figure S1.3, Optimized crystal structures (first column), specific crystallographic planes (second column)
and calculated DOSs (third column) of TSOs. For each TSO, the unit cell is outlined by red dotted lines in
the first column. a, TiO. b, C-Ti20s. ¢, B-TizOs. d, A-Ti30s. €, TisO7.



S1.4. First-principles calculations of optical properties of TSOs

To calculate the optical properties of TSOs, we start with the frequency-dependent dielectric function
&()®,

£(w) = & (w) +i&(w), (1)

where &1(w) and e2(w) are the real and imaginary parts of e(w), respectively, and w is the photon frequency.
For a semiconductor, if only the contribution of interband optical transitions to &(w) is considered, &2(w)
takes the form

2e’n

&(w) = ey

Thew (Pilu-TI¥0)? 6(E; — EX — hw), )
where e is the electron charge, & is the permittivity of vacuum, Q is the volume of the reciprocal unit cell, ¢
and v denote respectively the conduction and valence bands, u is the polarization of the incident light, r is
the position operator, and ¢ (%)) is the wave function of the conduction (valence) bands at the lattice
momentum k. The joint density of electronic states, defined as the number of states per unit volume per unit
energy range, is directly related to the §(Ey — EY — hw) function. With the Kramer-Kronig relation, &1(w)

can be derived from &2(w) by

f(0)=1+2P [* 229 gy, 3)

w!Z_wZ
where P in the front of the integral means the principal value.
The above expression for e2(w) is given within the independent-particle approximation. To include the
effects of electron-hole interactions, we solved the Bethe-Salpeter equation using a static model dielectric
function?,

el (@) = e + (1 — x)[1 — exp(- 229y, @)

4AZcreen
where ¢, is the static ion-clamped dielectric function in the long-wave limit, g and G are respectively
the wave vector and lattice vector of the reciprocal cell, and Ag..een 1S the screening length parameter
derived by fitting & at small wave vectors with respect to |q + G|. This approach, named the model-BSE
(mBSE)?, allows for a more accurate calculation of the dielectric functions with a denser k-point mesh.
As for a metal, one should also consider the contribution of intraband optical transitions to the dielectric
function. Here, we refer to the empirical Drude model as follows®10:11,

Sintra — wzz7
w2+r?’
intra r w%, (5)
52 = )
w (w2+r?)

where w,, is the plasma frequency tensor, which can be obtained by first-principles calculations. The
parameter I' is defined as I" = /T (r denotes the mean free time between electron collisions; typically, it
is estimated to be in the magnitude of 10°* s in metals)®. Considering that the metallic TSOs are less
electrically conductive than pure metals, e.g., ~30 S cm for A-TizOs nano-crystals’, it is pertinent to suggest
a smaller value on 7. In this work, I was setto 1.5eV (i.e., 7= 2.76x107°s).

Furthermore, we consider a polycrystalline material with finite thickness d. Its mean dielectric function
can be calculated by averaging those of single crystals with the orientation distribution function as the
weight!2, The upper and lower bounds of the mean dielectric constant &poly are often approximated by*314



3 AitAp+As
e < (6)
Yttty T P 3

where 41, 42 and Az are the eigenvalues of the single crystal dielectric tensor. Here, we estimated &poly USINg
the simple average in the form of epoy = (Ai1+42+13)/3. The frequency-dependent optical properties, e.g.,
refractive index n(w), extinction coefficient k(w), absorption coefficient a(w), reflectivity R(w) and
absorptivity A(w), can then be derived from &; o1y (@) and &, pory(@) as follows™,

1

n(w) = % [\/[51,poly(w)]2 + [z pory (@] + gl'p"ly(w)]z’ “
k(w) = % [\/ [&1,po1y (@)]? + [€2,po1y (@)]? — gl’p(’ly(w)]z’ ©
a(w) =22 k(w), ©

(@ —112 + [k(e)]?
R(w) = (@) +1]2 + [k(a))]z ' (10)
A@) = 1 - R(@) — [1 - R@) I expl-a() ], Y

where ¢ is the velocity of light. Furthermore, the average absorptivity A over the full solar spectrum from
200 nm to 2500 nm (in wavelength) is calculated by?*6:17 18
ZSOOA(w)Em,solar(w)dw

A= fzoozsoo ) (12)

fzoo Ey solar(w)dw

where E, so1ar IS the AM1.5G spectrum from the sun8.

Based on the above methodology, the optical spectra of five TSOs were predicted via first-principles
calculations, as displayed in Fig. S1.4. The absorption coefficients of metallic TiO, A-TizOs and TisO7 were
calculated taking into account of the contributions of both interband and intraband optical transitions. The
optical absorptivities of all the considered TSOs were calculated with an assumed sample thickness (d = 4
pm). In order to check the computational accuracies, we performed a test on C-Ti2Os. The predicted
reflectivity spectrum agrees well with the measured one on a single crystal'®, except for a 0.5 eV blue shift.
In addition, the calculated absorption coefficients are consistent with those measured on a thin film?°. These
results demonstrate the reliability of our computational methodology for optical properties. Note that the
calculated solar absorption spectra are similar for both nonmagnetic and antiferromagnetic states of A-TizOs.
Hence, we adopted the results of the nonmagnetic state of A-TizOs in this work.

In comparison with the experimentally measured reflective spectra of TSOs (Fig. 1b in the main text),
the calculated ones show some deviations, which might originate from two aspects. First, we employed an
empirical Drude model to account for the contribution of intraband optical transitions for metallic TSOs.
Second, we performed the reflectivity measurements on polycrystalline powder samples, whereas the
theoretical reflectivities were calculated for single crystals without considering the size effects of TSO
particles.

It is worth mentioning that A-TizOs, B-Ti3Os and TisO7 possess overall low optical reflectivities, whereas
TiO and C-Ti203 have superior optical absorption coefficients (Fig. S1.4). Generally speaking, the factors of
both optical absorption coefficient and optical reflectivity are equally important to improve the optical



absorptivity of a light-absorbing material with finite thickness. Although the optical absorption coefficients
of A-TisOs, B-TisOs and TisO7 are lower than those of TiO and C-Ti2Os, they are still at a sufficiently high
level (i.e., 10 cm) over the full solar spectrum region (Fig. S1.4c). In consequence, both A-TizOs and B-
Ti3Os exhibit relatively high optical absorptivities (mainly due to their ultralow optical reflectivities), as
further verified by the diffuse reflectance measurements on the powder samples with a typical thickness of
~100 pm.
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Figure S1.4, Calculated optical properties of TSOs in the wavelength range from 200 nm to 2500 nm. a,
Refraction index n(w). b, Extinction coefficient k(w). ¢, Absorption coefficient a(w). d, Reflectivity
R(w). e, Absorptivity A(w) (d = 4 um).

S1.5. Ti-Ti dimer introduced relatively flat bands in B-TizOs and TisO7

Among the considered five TSOs (except for TiO), they share a common structural feature of the so-
called Ti-Ti dimers from two nearest-neighbor Ti atoms, as discussed in the main text. The existences of
these Ti-Ti dimers create the crucial Ti 3d-like orbitals around the Fermi level. Following the discussion in



the main text on A-TizOs and C-Ti2O3, we provide detailed information on the electronic structures of p-
Ti3Os and TisO7 in Figs. S1.5 and S1.6, respectively. For B-TizOs, there exist two relatively flat bands (red
and green solid lines) below the Femi level, mostly contributed by the dyy orbital hybridizations of the Ti2-
Ti2, Til-Ti3 and Ti3-Ti3 dimers. As for TisOv, there are also two relatively flat bands (red and green solid
lines) below the Femi level, mostly contributed by the dyy orbital hybridizations of the Til-Ti3, Ti3-Ti4 and
Ti4-Ti2 dimers.

Ti2-3d Ti3-3d]

e

DOS [states / eV]
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Ti3 ‘
ucr-bonding

Figure S1.5, Electronic structure of -TizOs. a, Band structure. b, ¢ and d, DOSs for Til-3d, Ti2-3d and Ti3-
3d orbitals, respectively. e and f, Partial charge densities corresponding to the two relatively flat bands (green

and red solid lines in a).
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Figure S1.6, Electronic structure of TisO7. a, Band structure. b, ¢, d and e, DOSs for Til-3d, Ti2-3d, Ti3-3d
and Ti4-3d orbitals, respectively. f and g, Partial charge densities corresponding to the two relatively flat

bands (green and red solid lines in a).



S1.6. Contribution of flat bands to solar absorptivity

To evaluate the contributions of the flat bands to the solar absorption, we have performed computational
tests on the optical absorption coefficients of TSOs, using a procedure in analogy to that on the optical
conductivity?!. For the sake of brevity but without loss of generality, the computational tests were conducted
with the independent-particle approximation and only the contribution of interband optical transitions to the
dielectric function was taken into account. In principle, the imaginary part &,(w) of the dielectric function
can be divided into two terms e8¢ (w) and £3°"~f3%(w) depicting the contributions from the low-lying
flat valence bands and the other non-flat valence bands, respectively. When the refractive index n(w) is
fixed at given frequency w, the contributions of the low-lying flat and non-flat valence bands to the
extinction coefficient k(w) take the explicit form: &l2%(w) = 2n(w) k12 (w) and efor~M12t(yw) =
2n(w) k™13t () With the relation a(w) = 2w k(w)/c, one can calculate the corresponding absorption
coefficients af2t(w) and a™~f1a%(w). Furthermore, the contributions of the low-lying flat and non-flat

valence bands to the optical absorptivity A(w) are approached by
A(w) =1 - R(w) — [1 — R(w) ]? exp[-a™*(w) d] exp[-a"°"~12t(w) d]. (13)

Here, we take the A-Ti30s compound as an example. One can see that the low-lying flat band below the
Fermi level (red solid line in Fig. S1.7a), introduced by the Ti-Ti dimers, makes a major contribution to the
total optical absorption coefficients within the wavelength range from ~500 nm to ~1200 nm (Fig. S1.7b).
This specific wavelength range coincides well with the solar spectrum region having high radiance (Fig.
S1.7¢). Basically, the existence of the relatively flat bands around the Fermi level provides high joint
electronic densities of states for interband optical transitions, which is of essential importance to effective
optical absorption over a broad range of the solar spectrum. It is the synergistic effect of the relatively flat
band and the other non-flat bands that keeps the total optical absorption coefficients of A-TizOs at a
sufficiently high level (Fig. S1.7b), while the overall optical reflectivities are maintained to be ultralow (Fig.
S1.4d). Therefore, one would expect if the relatively flat band is removed, the resultant solar absorptivity of

A-Ti305 would be significantly reduced.

Y
IS
T
=]
o

2.5

- UV : Visible : Infrared >
g —=— All bands s
2 ,_E) ~—e— Flat band 3
w 0.8 —a—oOtherbands €2
=) ~
o x E 7 >
X £ N -
s 1 'qc: 06 =15 { A/
T2 - -~ / \
m Q:') bl Ideal blackbody (5250 *C)
I 5 c P
- g04 & g s
o o
s g % HO Sunlight at sea level
A ‘é- 0.2 H - 0.5 Atmospheric
2 absorption bands
el
» T Tl < MO co, H,0
P L T2 0.0 1 L N 0 > S
A M, Y, r A LV, r 500 1000 1500 2000 2500 250 500 750 1000 1250 1500 1750 2000 2250 2500

Wavelength (nm) Wavelength (nm)
Figure S1.7, a, Band structure of A-Ti3Os with a relatively flat band highlighted in red solid line. b, Mean
calculated optical absorption coefficients of A-Ti3Os within the independent-particle approximation. The red
curve and the blue curve represent the contributions from the relative flat bands and the other bands,

respectively. ¢, Spectrum of solar radiation (Earth).

S1.7. Optical transitions in A-TizOs
To understand the optical transitions in TSOs, we had better know their specific octahedron crystal fields
in the frame of crystal field theory (CFT). In a transition metal complex, a central metal ion exists in the



crystal field formed by negatively charged ligands, leading to the energy level splitting of the d orbitals of
the central metal ion. It has been well established that within a regular ideal octahedral crystal field, the
doubly-degenerate eg orbitals (d,z_,z, d,z)have a higher energy than the triply-degenerate tzq orbitals (d,,,
dy,, dy;). When a distorted octahedron crystal field is involved, both the degenerate eq and tpq orbitals will
be split under the action of the ligands’ static electric field. The type of the energy level splitting for such
degenerate d orbitals depends on the spatial configurations of the ligands.

For A-Ti30s, each Ti atom is surrounded by six nearest-neighbor O atoms to form a TiOs octahedron
(Fig. S1.8a). However, the octahedron coordination environments around the three independent Ti sites (Til,
Ti2 and Ti3) are different. More specifically, individual TiOg octahedrons are distorted in a non-symmetrical
manner, and they are connected to each other by either corners, or edges, or faces (see Fig. S1.8a, left panel).
As an example, the spatial configuration of two edge-shared distorted octahedrons surrounding a Ti2-Ti2
dimer is shown in Fig. S1.8b. This leads to a significant deviation from the regular ideal octahedral crystal
field. According to our real-space charge density analysis of the electronic bands (Fig. S1.8c), there exist
small energy level splittings of the tag-like (dyy, dy;, dy;) states and the eg-like (d,z2_,2, d,2) states, as
sketched in Fig. S1.8d. Among them, the d, -like orbitals are the lowest-lying states and form the linear c-
type bonding, and they have lower energies than the d,,-like and d,,-like orbitals. The d,z_,-like and
d,>-like orbitals are non-degenerate any longer, and their energies are still higher than the d,,-like, d,,

like and d,,-like orbitals.
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Figure S1.8, a, Crystal structure of A-TisOs, highlighting the complex distorted octahedrons around three
different types of Ti atoms (left panel) and the o bonding formed by the d,.,-like orbitals of Ti2-Ti2 dimer
(right panel). b, Spatial configuration of two edge-shared distorted octahedrons surrounding a Ti2-Ti2 dimer
in A-Ti30s. Note that the two octahedrons are distorted in the X, y and z directions. ¢, Band structure of A-
Ti30s. The low-lying flat band below the Fermi level is highlighted in red solid curve. d, Sketch of the crystal

field splitting in A-Ti30Os.
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Across the entire solar spectrum range, the underlying mechanisms of optical transition in A-TizOs can
be quite different, as illustrated in Fig. S1.9. The optical transitions in the near-infrared (NIR) region mainly
arise from the intraband transitions within the partially-filled d orbitals (Fig. S1.9a). The optical transitions
in the visible (Vis) and ultraviolet (UV) regions come with the interband transitions from the low-lying flat
band to the (dy, d,,)-like and (d,2_,2,d,z2)-like orbitals, respectively (Figs. S1.9b and S1.9c). Figure
S1.10 and Figure S1.11 present the calculated transition dipole moments?? in the Vis and UV regions,
respectively, where the optical transitions at the high-symmetry k-points with the largest transition dipole
moments are identified. All the allowed optical transitions are within the Ti-3d orbitals, and they become
more pronounced in the Vis region due to much larger transition dipole moments.
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Figure S1.9, a-c, Schematic illustrations of optical transitions in A-TisOs in the NIR, Vis and UV regions,
respectively. The optical transitions in a mainly arise from the intraband transitions within the partially-filled
bands (solid green lines), while those in b and ¢ come from the interband transitions between a valence band
(solid red line) and one of the conduction bands (solid green lines). Note that only the allowed interband
transitions with non-negligible transition dipole moments are shown. The arrows in b and c just illustrate the
optical transitions at the A point.
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Figure S1.10, Calculated transition dipole moments of optical transitions in the Vis region. The involved
occupied and unoccupied bands are indicated in red and green solid lines, respectively. The associated
irreducible representations of bands at the high-symmetry k-points that contribute most to the transition
dipole moments are also shown, with the parity explicitly given in brackets. Note that for the sake of brevity,
the other possible optical transitions but with negligible transition dipole moments are omitted.
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Figure S1.11, Calculated transition dipole moments of optical transitions in the UV region. The involved
occupied and unoccupied bands are indicated in red and green solid lines, respectively. The associated
irreducible representations of bands at the high-symmetry k-points that contribute most to the transition
dipole moments are also shown, with the parity explicitly given in brackets. Note that for the sake of brevity,
the other possible optical transitions but with negligible transition dipole moments are omitted.

No matter whether the solar light absorption proceeds via intraband optical transition or interband
optical transition, photoexcited hot electrons and holes will relax back from the excited state to the ground
state and release the photon energy they absorbed. In general, the relaxation dynamics in metallic systems
are considered to be much faster than those in gapped systems. Also, non-radiative transitions are allowed in
metallic systems during the relaxation of photoexcited hot carriers. Indeed, our photoluminescence
experiment has confirmed that no photoluminescence effect was observed in the A-TisOs sample (see
Subsection S2.4). This suggests that the absorbed photon energy can be effectively converted into heat
without a loss by radiative transition, thereby triggering a high efficient thermalization. For more details on
the photothermal conversion mechanism of A-TisOs, please refer to Subsection S2.5.
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Section 2. Photothermal conversion performances of TSOs

S2.1. Experimental setup of photothermal conversion measurements

The photothermal conversion performances of the different TSOs were examined under a simulated
solar flux of 1 kW m, as sketched in Fig. S2.1. Here, TSOs powders (TiO, C-Ti,Os, A-TizOs, B-TizOs and
TisO7) were first compressed into round pills. Each pill was then put on the top of one low-density
polyethylene (PE) foam (18 mm in height) with a low thermal conduction coefficient (0.029 W m* k) to
reduce the thermal loss to the surroundings. The thermal conductivity of the PE foam was determined with a
thermal constants analyzer (Hotdisk 2500S, Sweden), using the transient plane source (TPS) method
specified in the International Standard ISO 22007-2. The temperatures at the top and lateral surfaces of the
pill during the light irradiation were detected by an infrared thermometer and an infrared thermal camera,
respectively, while the temperature at the bottom of the PE foam was measured by one K-type thermocouple.
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Figure S2.1, Diagrammatic sketch for measuring the photothermal conversion performances of TSO pills.
An aperture is added to ensure that the solar light only covers the top surface of a tested TSO pill.

S2.2. Estimation of solar-to-heat efficiency with thermometric method

In the present experiment setup, the received solar energy is used to heat a TSO pill, along with the
thermal losses through (i) conduction to the PE foam, and (ii) radiation and (iii) convection to the
surroundings. In the steady condition, the quantity of heat in the TSO pill for a duration t is given by

Qsample = CPTSO Mgy (Trso — Tsurr) &, (14)

where CF59, mqgo and Tpgo are respectively the specific heat capacity, the mass and the equilibrium
temperature of the TSO pill, and Ty, is the temperature of the surroundings.
The thermal losses by convection, radiation and conduction are formulated as follows?3,

Qconvection = h (AIIS(%S + Airzist%ral) (TTSO - Tsurr) L, (15)
Qradiation =é€érso 0 (Azrsooss + A?;gral) (T'f‘lso - Tsztlrr) L, (16)
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_ 9PE 4Tso 4T
Qconduction =1 Across E t. (17)

Here, ALSO and A[SO.., are respectively the cross-sectional area and the lateral area of the TSO pill, Trgo

and erso are respectively the surface temperature and the emissivity of the TSO pill, T, is the ambient
temperature, o is the Stefan-Boltzmann constant (5.68x10® W m2 K4), h is the convection coefficient (5

W mtK?), and APE and Z—i are respectively the thermal conductivity and the temperature gradient of the

PE foam. Accordingly, the total thermal loss reads?32*

Qloss - Qradiation + Qconvection + Qconduction- (18)

The solar-to-heat efficiency of the TSO pill is calculated by?*24

Q le + Q1
Nheat_conv = ===k o (19)
Qsolar 4
with
Qsolar = opt Po AIr%(s)s t, (20)

where Co, is the solar concentration, py is the nominal direct solar irradiation (1 kW m2), and A is the
average solar absorptivity of the TSO pill defined by Eq. (12). By inserting the measured data and relevant
parameters into the above expressions, one can derive the solar-to-heat efficiencies of various TSOs.

S2.3. Measured surface temperatures and calculated solar-to-heat efficiencies of TSOs

First, we took the commercial C-Ti,O3 powders as a model material to investigate the influences of pill
thickness on the photothermal conversion under one sun irradiation. As shown in Table S2.1 and Fig. S2.2a,
although the equilibrium temperature (Tgg) increased significantly with the decreasing pill thickness from
4.0 mm to 1.1 mm, the calculated solar-to-heat efficiency changed slightly. This suggests that the solar-to-
heat efficiency is not sensitive to the choice of pill thickness. Here, we selected a pill thickness of about 2
mm for all the considered TSOs, so as to make a direct comparison on their photothermal conversion
performances. For achieving a better accuracy, the temperature measurements were conducted three times
on each TSO pill, and the mean measured Trso Was used to calculate the solar-to-heat efficiency.

Table S2.1, Calculated solar-to-heat efficiencies of C-Ti,O3 pills with different thicknesses under one sun
irradiation. The specific heat capacity for C-Ti»Oj is taken as 0.662 J g! °C-!.

pill Diameter ~ Thickness Mrso Trso Trg Tsurr Solar-to-heat
(mm) (mm) ©) (°C) (°C) (°C) efficiency (%)
1# 10 1.10 0.400 56.5+0.1 299401 25.1+0.1 88.11+0.2
2* 10 2.05 0.510 515401 29.1%+0.1 25.0£0.2 88.21+0.2
3* 10 2.67 0.528 497401 29.3%£01 25.1+01 89.84+0.3
4% 10 4.00 1.750 441401 289%01 25.0+01 88.71+0.2

The heat capacities of the different TSO compounds were characterized by means of differential
scanning calorimetry (DSC, TA DSC-25)%. First, the heat capacity calibration was made by running a
standard sapphire (a-Al2O3) over the temperature range from -30 °C to 70 °C with a heating rate of 3 °C/min
under a nitrogen flow of 50 mL/min. After the calibration, the effective temperature interval for the heat
capacity measurements was set as 66.5 °C, i.e., from -10 °C to 56.5 °C. Then, the heat capacity measurements
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of the different TSO compounds were performed under the same conditions. For each TSO compound, a set
of three powder samples with a weight of ~10 mg were separately placed in an open Al crucible, and their
heat flow signals were recorded at individual temperatures. Finally, the temperature-dependent heat
capacities, calculated with the dataset from the three reduplicate experiments, were averaged to deliver a
better reliability. Note that our mean measured heat capacities at 300 K are well consistent with the reported
data for TiO, C-Ti,O3 and TisO7 %, as well as for A-TizOs and B-TizOs 2.

Figure S2.2b presents the measured surface temperatures of the TSO pills with the same diameter (10
mm) and similar thicknesses (~2 mm) under one sun irradiation for different time, in comparison with that
of the blank PE foam. The surface temperatures of the TSO pills increased quickly at the initial stages and
then approached their respective equilibrium states, whereas the surface temperature of the blank PE foam
(without the layout of a TSO pill) only increased from 25.0 °C to 27.5 °C. In particular, the A-TizOs pill
reached a surface temperature of as high as 55.7 °C within ~250 s. Such a rapid temperature increase with
the solar irradiation is due to two aspects. First, the A-TizOs phase exhibits overall high optical absorptivities
within the full solar spectrum region, which is a prerequisite for efficient solar-to-heat conversion. On the
one hand, the existence of the relatively flat bands around the Fermi level makes an effective contribution to
the optical absorption coefficients. On the other hand, the high joint densities of states induced by the flat
bands provide more possibilities for optical excitations in a wide range of the solar spectrum. Those
photoexcited hot carriers at the metastable states will finally relax back to the ground state without light
emission, thereby resulting in an efficient photothermal conversion. Second, the A-TizOs phase exhibits a
very low thermal conductivity (~0.20+0.02 W m K1) 2, allowing the solar-generated heat to be continually
stored in the pill body until it reaches an equilibrium state.

Figure S2.2c plots the measured specific heat capacities of the TSOs as a function of temperature. At a
given temperature, the specific heat capacity of the A-TisOs phase is generally higher than those of the other
TSOs. Table S2.2 compiles the mean measured equilibrium temperatures of the TSO pills and the PE foam
(for heat-insulation), as well as the calculated solar-to-heat efficiencies of the TSO pills. Among them, the A-
Ti3Os pill exhibits the highest solar-to-heat efficiency with a value of ~92.4%.
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Figure S2.2, Surface temperatures and heat capacities of TSO pills. a, Time-dependent surface temperatures
for C-Ti,03 pills with different thicknesses under one sun irradiation (left panel) and infrared photographs
taken at the irradiation time of 900 s (right panel). b, Time-dependent surface temperatures for various TSOs
pills and blank PE foam under one sun irradiation (left panel) and infrared photographs taken at the irradiation

time of 900 s (right panel). ¢, Specific heat capacities of TSOs at different temperatures.
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Table S3.2, Measured equilibrium temperatures and calculated solar-to-heat efficiencies of TSO pills under

one sun irradiation.

Solar-to-heat

) Diameter Thickness  mqso CrSo Trso Tpg Tourr ,
Pill L orl o . . efficiency

(mm) (mm) (8) (Jg'°Ch 49 (O (°O) %)
TiO 10 2.00 0.58 0.65340.02 46.6+0.1 29.0+0.1 25.3+0.1 70.1+£0.1
C-Tiy03 10 2.05 0.51 0.66240.03 51.5+0.1 29.14+0.1 25.0%+0.2 88.2+0.2
A-TisOs 10 2.05 061  0.773#0.03 557+0.1 29.0+0.1 250+0.1 924402
B-TizOs 10 2.10 0.56 0.68240.01 55.0+0.1 29.0+0.1 25.0£0.1 90.7£0.1
TisO7 10 2.10 0.71  0.723#0.02 5424+0.1 29.0+0.2 252+0.2 90.4+0.3

S2.4. Measured photoluminescence spectra of A-TizOs powders

The photoluminescence (PL) spectra of the as-prepared A-TizOs powders were measured to show the
absence of luminescence. To avoid the interference of diffuse reflections of the powder sample holder (quartz)
on light detection, we first compressed the as-prepared A-TisOs powders into a round pill (10 mm in diameter
and 3 mm in thickness) by room-temperature hydrostatic pressure of 200 MPa. It was then annealed at 250 °C
for 10 min, allowing the pressure-induced B-TizOs phase to transform back to the A-TizOs phase as verified
by the XRD measurement. The PL spectra of the annealed A-TisOs pill sample were collected with the
excitation light of 344 nm, using a photoluminescence spectrometer (FLS1000, Edinburgh Instruments Ltd).
For revealing the full range PL characteristics, three detectors were adopted to record emission lights with
different wavelengths, i.e., PMT-900 detector (360-800 nm), PMT-1700 detector (800-1600 nm) and InGaSn
detector (1200-2250 nm). During the measurements, narrow slits with a width of 2 nm were chosen for both
excitation and emission lights, as to minimize the interference of diffuse reflections of the instrument. As a
reference, the PL spectra of a TiO2 pill sample (made of commercial rutile-TiO, powders) were also measured
under the exact same test conditions.
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Figure S2.3, Experimental PL spectra of A-TizOs and rutile-TiO. with an excitation light of 344 nm, recorded
at room temperature for emission lights with different wavelengths. a, 360-800 nm. b, 800-1600 nm. ¢, 1200-
2250 nm. Note that the sharp peak in a (indicated by the arrow) with the wavelength of 688 nm comes from
the overtone of the excitation light.
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Figure S2.3 presents the PL spectra of the two-pill samples at the emission wavelengths of 360-800 nm,
800-1600 nm and 1200-2250 nm, respectively. It is seen that the rutile-TiO, with a bandgap of ~3.0 eV can
emit luminescence with wavelengths ranging from 350 nm to 550 nm (Fig. S2.3a), which is in good
agreement with the reported data®’. In contrast, no PL effect was detected for the A-TisOs. It means that upon
light irradiation, no PL is emitted from the A-Ti3Os during the relaxation from the excited states to the ground
state. This result is reasonable as the A-TizOs phase is of metallic nature (see Fig. 1c in the main text).

S2.5 Photothermal conversion mechanism for A-TizOs

Unlike most oxides, A-Ti3zOs is of metallic nature rather than a semiconductor, since some of its Ti-3d
electronic bands cross the Fermi level. The electrical conductivity and the carrier concentration of A-Ti3Os at
room temperature were measured to be 30 S cm™ 7 and 8.5x10%° cm3 28, respectively. They are much lower
than the values of 5.8x<10° S cm and 8.5x10%? cm® for the typical metal Cu?°%, which suggests the poor
electrical transport properties of A-TizOs.

It is commonly known that photoexcited hot electrons can relax back from the excited state to the ground
state through different channels, including radiative transition, electron-electron (e-e) scattering, electron-
phonon (e-ph) interaction, and electron-hole (e-h) interaction, etc. For A-TizOs, both e-e scattering and e-ph
interaction should be considered to play key roles during the dynamical relaxation of photoexcited hot
electrons, while the radiative transition and e-h interaction can be neglected. The main reasons are given as
follows.

(1) Radiative transition does not exist in A-Ti3Os. Radiative transition refers to the relaxation of hot
electrons by emission of fluorescence or phosphorescence. A prerequisite of radiative transition is the
existence of electronic band gap at the Fermi level, and thus this kind of transition mainly occurs in
semiconductors. Nevertheless, A-TisOs is of metallic nature and has no electronic band gap at the Fermi level.
Therefore, radiative transition should not occur in A-TizOs, which has been evidenced experimentally in
Subsection S2.4.

(2) Electron-hole interaction can be neglected in A-TizOs. When an electron is photoexcited from valence
band to conduction band, a hole will form simultaneously. Under Coulomb interaction, the hole can interact
with the excited hot electron, thereby affecting the dynamic behaviors of both the hot electron and hole. In
semiconductors, e-h interaction takes non-negligible effects on the dynamic relaxation of hot electrons. As
for A-Ti3Os, there exists metallic screening owing to the presence of free carries (with an electron
concentration of ~8.5x10%° cm at 300 K) 2. As a result, the impact of e-h interaction on the relaxation of
hot carriers can be ignored.

(3) Electron-electron scattering should exist in A-Ti30s. During the hot electron relaxation from the
excited state to the ground state, hot electrons would interact with low-energy electrons under Coulomb
interaction, namely e-e scattering. This process is thought to be the principal source of hot electron relaxation
in metals, especially for hot electrons with energy of more than ~1 eV above the Fermi level®!. Usually, the
lifetime .. of hot electrons under e-e scattering is several tens of femtoseconds®?. As for A-TisOs, there are
certain amount free electrons and thus the e-e scattering would occur during the relaxation of photoexcited
hot electrons. In general, z is inversely proportional to the square root of free electron concentration®,
Considering the fact that A-TizOs has a free electron concentration of about two orders smaller than that of
Cu?829  its ze-. value might be about ten times that of Cu, i.e., reaching a level of several hundred femtoseconds.

(4) Electron-phonon interaction should also exist in A-TizOs. During the process of hot electron
relaxation, hot electrons inevitably interact with lattice vibration, known as e-ph interaction. e-ph interaction
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can widely exist in both metals and semiconductors. As compared to e-e scattering, e-ph interaction causes
much smaller change in the average energy per excitation. More specifically, for a hot electron with an
excitation energy hv, an e-ph interaction will, on average, change the electron’s energy by /{w), whereas the
most probable amount of energy exchanged in an e-e scattering is as large as hv3%. Note that the average
phonon energy 7{w) is typically 50~100 times smaller than the photon energy hv3. Moreover, the lifetime
te-p OF hot electrons under e-ph interaction refers to several hundreds of femtoseconds®?. As the magnitude of
Te-p 1S cOmparable to that of z. in A-TizOs, e-ph interaction is of essential importance to the relaxation
dynamics of photoexcited hot carriers.

For metals, nearly all e-e scattering events relax high-energy excited states, whereas e-ph interaction
events govern relaxation dynamics near the Fermi level at low-energy excitation (e.g., <1 eV)®. As already
addressed in Subsection S1.7, the photoexcitations in the NIR region are dominated by intraband optical
transition (Fig. S2.5a), but those in the Vis and UV regions are governed by interband optical transition (Fig.
S2.5b). In what follows, we aim to draw a picture of how the photoexcited hot carriers relax to the ground
state and release the photon energy they absorbed, with a linkage to the two distinct light regions, i.e., the
NIR region and the UV-Vis region.
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Figure S2.5, Schematic of the solar-to-heat conversion in A-Ti3Os. a, Intraband optical transition and e-ph/h-
ph interactions in the NIR region. b, Interband optical transition, e-e scattering and e-ph/h-ph interactions in

the UV-Vis region. Note that the e-e scattering and e-ph interactions in b may exchange during the relaxation
of excited hot electrons, as indicated by dotted line with double arrows.

(1) Relaxation dynamics of hot electrons excited with NIR light is dominated by e-ph interactions in A-
Ti3s0s. With decreasing photoexcitation energy, the phase spaces of excited hot electrons are drastically
narrowed in metals, leading to a significantly extended z.. under e-e scattering®?2¢. Such behaviors can be
approximately approached by the energy dependence of z.. « (E—Ef)?, where E and Er represent the
excitation energy of hot electrons and the Fermi energy, respectively®”. The extended z.. significantly
weakens the contribution of e-e scattering within the NIR region. This is the reason why e-ph interactions
usually dominate the relaxation process of low-energy hot electrons (<~1 eV)%®. As schematically shown in
Fig. S2.5a, when a low-energy NIR photon is subjected to A-TizOs, an electron can be excited via intraband
optical transition (D) to form a hot electron and a hot hole. Both the hot electron (@) and hot hole (®)
gradually relax back onto the Fermi surface through intraband relaxation. During this process, the
thermalization of A-Ti3Os is realized by e-ph and h-ph interactions.
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(2) Both e-e scattering and e-ph interaction play important roles in relaxation of hot electrons excited
with UV-Vis lights. As schematically shown in Fig. S2.5b, when a high-energy UV-Vis photon is subjected
to A-Ti3Os, an electron can be excited via interband optical transition ((D) to form a hot electron and a hot
hole. There exist two channels for the hot electron relaxation, i.e., e-e scattering (@) and e-ph interaction
(®). i) In the route of e-e scattering (@), the hot electron inelastically collides with cold electron, where a
large amount of energy is transferred from the hot electron to a cold one. However, no heat is released during
this process. Once the high-energy hot electron is relaxed to a low-energy state close to the Fermi level, the
contribution of e-e scattering weakens significantly. Instead, e-ph interactions (@) turn to dominate the hot
electron relaxation with heat release. ii) In the route of e-ph interaction (), the hot electron interacts with
lattice vibration during the relaxation process, where the energy of the hot electron transfers to phonons with
heat release to the lattice. It is should be noted that within the UV-Vis region, the relaxation channels of e-e
scattering and e-ph interaction are not fully separated, and for a certain portion of hot electrons they can
interchange to each other, as indicated by the dotted line with double arrows in Fig. S2.5b. In similarity to
the hot electron, the excited hole also relaxes to the Fermi surface by h-ph interaction (&) with heat release.

In conclusion, for A-TizOs both e-e scattering and e-ph interaction play critical roles in the relaxation
process of photoexcited hot electrons. The relaxation dynamics of hot electrons excited with the NIR light is
dominated by e-ph interactions, while both e-e scattering and e-ph interaction are effective for the relaxation
of hot electrons excited with the UV-Vis lights. As already addressed in Subsection 1.4, A-TisOs exhibits an
effective optical absorption over the full solar spectrum due to the multiple flat band structure near the Fermi
level. No matter whether the incident light is in the NIR region or in the UV-Vis region, the absorbed photon
energy is converted into heat without radiative transition. It is worth noting that the multiple flat bands around
Er, consisting of strong localized Ti-3d states, result in high densities of electronic states. On the one hand,
a high 3d electronic density near Eg leads to a faster relaxation rate and hence to a shorter inelastic lifetime
of excited hot electrons®®. On the other hand, 3d electrons may also give rise to screening that tends to extend
the lifetime of excited electrons. Nevertheless, the weak metallicity of A-TizOs renders itself a relatively small
screening effect as compared with typical metals. Hence, it is believed that for A-TisOs the multiple flat bands
of Ti-3d states around Er facilitate the process of photoexcited carrier relaxation and heat release, in addition
to solar light absorption.
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Section 3. Solar evaporation performance and water vaporization enthalpy of two-dimensional (2D)
evaporator system

S3.1. Experimental setup of 2D solar steam evaporator system

The experimental setup for the 2D solar steam evaporator (2D-SSE) system is schematically shown in
Fig. S3.1. Individual 2D evaporators (30 mm in diameter and ~100 um in height) were fabricated by
dispersing the light-absorbing TSO powders onto a cellulose membrane through vacuum suction filtration.
One low-density PE foam sheet with a punched hole in the center was employed as the supporting and
thermal-insulation layer of the cellulose membrane, where the punched hole was embedded with a cotton
core for water supply. The integrated 2D-SSE system was capable of floating on bulk water with reduced
thermal losses, due to the light weight (0.01 g cm), low thermal conductivity (~0.029 W m K1) and
hydrophobic nature of the PE foam with closed cells. During the water evaporation measurements, an
aperture was added to ensure that the solar light only covers the top surface of 2D-SSEs®. For comparison,
the direct evaporation from bulk water was also conducted by removal of 2D-SSE from the integrated 2D-

SSE system.

Aperture = o=

Qgolar
Qradiatwn

Qconveclion Qrefleclion Qvaporiza(ion

Absorber

PE foam PE foam

Cotton
Beaker LI

v
Qconduc!ion

Bulk water

2D-SSE

Electrical balance
Figure S3.1, Diagrammatic sketch for measuring the solar evaporation performance of 2D-SSE in an open
environment.

S3.2. Measured water evaporation rates of 2D-SSEs using different TSOs

The water evaporation performances of the 2D-SSEs were examined under one sun irradiation and dark
condition, where the as-prepared A-TizOs, B-TizOs and TisO7 powders and the commercial TiO and C-Ti2O3
powders were used as light absorbers, respectively. As shown in Fig. S3.2, the water evaporation rates of the
2D-SSEs in a dark condition are almost the same (0.20~0.22 kg m2 h't), which is more than two times that
of bulk water (0.0940.008 kg m2 h-1). Under one sun irradiation, the water evaporation rates for the 2D-SSEs
using the light-absorbing TiO, C-Ti»03, TisO7, A-TisOs and B-TisOs powders are respectively 1.0140.01 kg
m2 h, 1.3440.02 kg m? h?, 1.3740.02 kg m? h%, 1.6440.02 kg m?2 h* and 1.4520.02 kg m? h*!, compared
to the value of 0.3940.02 kg m h** for the direct evaporation from bulk water (i.e., without 2D-SSE). Note
that our mean measured evaporation rates of bulk water and the C-Ti,O3 2D-SSE under one sun irradiation
are in nice agreement with the reported values, i.e., 0.4 kg m2 h' for bulk water and 1.32 kg m h-* for the
C-Ti,03 evaporator®. Among all the considered TSOs, the 2D-SSE made with the as-prepared A-Ti3Os
powders exhibits the largest water evaporation rate under one sun irradiation.
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Figure S3.2, Water evaporation performances of the 2D-SSEs (30 mm in diameter and ~100 pum in height)
with various light-absorbing TSOs under dark and one sun irradiation, in comparison with the direct
evaporation from bulk water. a, Water mass change vs time. b, Mean measured evaporation rates. The error
bars are the standard deviations of the mean (n = 3, n is the number of evaporation rates for each sample used
to derive statistics).

S3.3. Estimation of water vaporization enthalpy and solar-to-steam efficiency with thermometric

method

Herein, both the water vaporization enthalpy and solar-to-steam efficiency of a 2D-SSE system are
estimated with the thermometric method. The computation procedure is similar to that for calculating the
solar-to-heat efficiencies of TSOs, as described below.

When a solar irradiation is subjected to the surfaces of light-absorbing TSO powders, the received

energy (Qreceive) of the 2D-SSE within a duration ¢ reads

Qreceive = Qsolar - Qreﬂection (21)

with
Qsolar = opt Po Azpsse't (22)

and
Qreflection = 1- A_) Osolar (23)

where A,p.gsg is the projected area of the 2D-SSE, and A is the average solar absorptivity of the TSO
powders. The percentage of the reflected solar energy is given by 7 q.ction = Qreflection/@solar = 1 — A.
In a steady state, the received energy, Qreceive, 1S consumed by the heat applied for water vaporization
(Qvaporization), and the thermal losses via radiation into the surroundings (Qradiation)> convection into the
surrounding air (Qconvection) and conduction into bulk water (Qconduction)- From the viewpoint of energy

equilibrium, one has

Qvaporization Qreceive - Qradiation - Qconvection - Qconduction- (24)

The radiative thermal loss, Qadiation» 1S calculated according to the Stefan-Boltzmann equation*4?,

— 4 4
Qradiation - AZD—SSE €2D-SSE O (TZD-SSE - Tenvir) L, (25)

where &;p.ssp 18 the emissivity of the 2D-SSE, Typ.gsg 18 the average surface temperature of the 2D-SSE at
the steady-state condition, and T,y is the temperature of the surroundings. The percentage of the radiative

thermal loss is given by Mradiation — Qradiation/ Usolar-

The convective thermal loss, Qconvection» 1S calculated according to the Newton’s law of the cooling?+40

>
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Qconvection = Azp-ssg 1 (T2p-sse — Tenvir) ¢, (26)
where 7 is the heat transfer coefficient of air (5 W m2 K™!). The percentage of the convective thermal loss is
given by 7o vection = Ceonvection/ Csolar-

The conductive thermal 10ss, Qconductions 1S defined by*

_ rbulk water
= CP

Qconduction Mpulk water ATbulk water» (27)

where CRUIkWater i the specific heat capacity of bulk water (4.2 kJ kg"' K™), Mpykwater is the mass of
bulk water in the beaker, and AT}k wawer 1S the temperature rise of bulk water for the duration 7. The
percentage of the conductive thermal loss is given by 7. .. .= Qconduction/ @solar-

The heat applied for water vaporization, Qyaporization, is comprised of two terms as follows?,

— . ~bulk water
Qvaporization =m AHvap +m CP (TZD-SSE - Tbulk water)' (28)

where m is the dark-excluded mass change of the generated vapor for the duration #, AHy,, is the phase
change enthalpy from liquid water to vapor at the surface temperature of the 2D-SSE, and Ty 1k water 1S the
temperature of bulk water in the beaker under the solar irradiation for the duration ¢. The first term in the
right side of the above equation represents the phase change latent heat from liquid water to vapor, and the
second term is the sensible heat associated with the temperature rising from Ty water 10 Top-ssg. Here,
m is directly determined from the measured evaporation rates (7eyap) Of the 2D-SSE under dark and solar
irradiation, ie., M = (re5§;gr — re‘%,%rpk) A,p.sspt. With the calculated values for Qreceive» @Qradiation s
Qeonvection a0 Qconduction: 0N can derive Quaporization according to Eq. (24) and AHyg, from Eq. (28).

Moreover, the solar-to-steam efficiency is calculated by 7, ;. ..., = Qvaporization/ @solar-

S3.4. Calculated water vaporization enthalpy and solar-to-steam efficiency for 2D A-Ti3Os evaporator

With the integrated 2D-SSE system, we have investigated the solar-to-steam efficiency using various
TSOs as light absorbers. For the 2D A-Ti3Os evaporator (30 mm in diameter and ~100 um in height), its
surface temperature increased rapidly to the equilibrium state (~39.6 <€) upon one sun illumination, but
changed slightly in the dark condition (Fig. S3.3). The average hourly evaporation rates are 1.64 kg m2 h!
under one sun irradiation and 0.22 kg m? h't under dark, respectively. Table S3.1 lists various parameters
used for the present calculations. According to Egs. (23), (25), (26) and (27), the solar energy loss by
reflection is 3.59%, while the thermal losses by radiation, convection and conduction are 8.85%, 7.04% and
12.22%, respectively. Thus, the solar-to-steam efficiency of the 2D A-Ti3Os evaporator is 68.30% under one
sun irradiation. Interestingly, the vaporization enthalpy (AH,,p,) of water adsorbed on the A-TizOs surface is
reduced to 1696 kJ kg* at 39.6 €, as compared to a value of 2412 kJ kg for bulk water at 40 €341,
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Figure S3.3, Surface temperature variations under dark and one sun irradiation for the 2D-SSE made of A-
Ti3Os powders. a, Surface temperatures vs time. b-d, Infrared photographs at 0 min, 30 min, and 60 min

under one sun irradiation. e-g, Infrared photographs at 0 min, 30 min, and 60 min under dark condition.
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Table S3.1, Parameters for calculating the water vaporization enthalpy and solar-to-steam efficiency of 2D
A-TizOs evaporator.

Copt 1 Ayp sk 7.06858104 m?2
Po 1 kW m? Mpylk water 259
t 1h Typ-ssk 39.6 €
€2D-SSE 0.97 Tonivr 255 €
h 5W m? K1 AT}k water 2.96 €
o 5.68<108 W m2K* | | Tyukwater 3114 €
chulkwater | 425903 J kgt K rSokar 1.64 kg m?2 ht
A 0.9641 raak 0.22 kgm2ht

S3.5. Experimental vaporization enthalpy of water on the surfaces of A-TizOs powders

In order to validate the estimated vaporization enthalpy of interfacial water on the A-TisOs surface, we
have performed more intuitive thermodynamic measurements using the DSC method. Here, the DSC
experiments were conducted on bulk water and interfacial water adsorbed to the A-Ti3Os surface, respectively.
For the case of bulk water, 47.21 mg water was directly placed in an open Al crucible. As for the case of
interfacial water, 21.79 mg A-Ti3Os powders were placed in an open Al crucible, and then 4.34 mg water was
dropped on the surfaces of the A-Ti3Os powders via a pipette gun. Two heating schemes were adopted for the
heat-flow measurements. One referred to the continuous heating from 10 °C to 160 °C with a heating rate of
5 K/min, as frequently used in the previous studies*>#*. The other referred to the isothermal heating at a fixed
temperature of 40 °C, being very close to the surface temperature (~39.6 °C) of the 2D A-TizOs evaporator
upon one sun illumination. All the measurements were conducted under a nitrogen flow of 25 mL/min.

Figure S3.4a shows the change of heat flow signal as a function of temperature. In this case, the values
of water vaporization enthalpy can be obtained via integrating the heat flow over the temperature interval
and dividing it by the heating rate. The vaporization enthalpy for bulk water was determined to be 2437 kJ
kg, which is very close to the value of 2412 kJ kg™ calculated using the empirical formula (40 °C, 1.91846
XL09%T 2 pour /(Tvapour-33.91)) 4L, In contrast, the vaporization enthalpy of interfacial water on the A-TizOs
surface was about 1748 kJ kg, which is much lower than that of bulk water. It should be pointed out that
the so-obtained water vaporization enthalpies are not the ones at a constant temperature, but averaged over a
chosen temperature interval.

Figure S3.4b presents the change of heat flow signal as a function of heating time at 40 °C. Through
integrating the heat flow over the time interval, one can obtain the water vaporization enthalpies accordingly.
The measured values are 2444 kJ kg for bulk water and 1757 kJ kg™ for interfacial water on the A-TizOs
surface, respectively. Note that the experimental vaporization enthalpy of interfacial water on the A-TizOs
surface by the DSC measurements is very close to the one (1696 kJ kg) estimated with the water evaporation
experiments.
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Figure S3.4, Thermograms of bulk water and interfacial water on the A-Ti3Os surface. a, Heat flow signal as

a function of temperature from 10 °C to 160 °C. b, Heat flow signal as a function of heating time at 40 °C.

24



Section 4. Theoretical calculations of water adsorption and dissociation on A-TizOs surface
S4.1. First-principles calculations of surface energies of A-Ti3Os
The surface energy of the A-Ti3Os phase, oy, 1S calculated by
Osurf = i (Estab — Nrigtg; — No ), (29)

where Egiab refers to the total energy of the relaxed slab model, s, (4) is the chemical potential of Ti (O),

Nri (Np) is the number of Ti (O) atoms in the slab, and A is the area of the surface. The chemical potential

of the A-Ti30s phase, ,u%‘;gs, is expressed as
bulk _
Hiso, = 3ty + Sy (30)
Substituting Eq. (30) into Eq. (29), it yields
1 1 5
Oourt = 57 | Estab = 3 Nrifd2ls + No G Ny = No) 415 (31)

In addition, the chemical potential of each species on a stable surface should be less than that of its bulk

phase, i.e.,
bulk 1 gas
pg S MO g S UG (32)

Thus, p, was limited in a range from -10.060 eV to -4.585 eV in this study.

Here, we built seven surface models with different terminations and miller indices for the A-Ti3Os phase.
All slabs had two symmetric surfaces, and these surfaces were separated by a vacuum layer of 20 A to
eliminate interactions caused by periodic images. Details of these models are shown in Table S4.1. In our
first-principles calculations, the energy cutoff was set to 520 eV, and the k-point spacing was 0.04 A-'. The
calculated surface energies of the considered surfaces with different terminations are shown in Fig. S4.1.
Clearly, the (110) surface is the most energetically stable one within the allowed oxygen chemical potentials.
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Figure S4.1, a, Calculated surface energies of considered three surfaces with different terminations for A-
Ti30s. b, Zoom-in plot of a.
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Table S4.1, Details of surface models for the A-Ti30s phase used in the surface energy calculations.

Number of atoms

Surface Termination . Thickness (A)
Ti (0)

Mixed Ti and O 12 20 18.4

(001) Ti terminated 14 20 20.7
O terminated 13 25 233

Mixed Ti and O 24 40 18.6

(110) Ti terminated 24 36 17.0
O terminated 24 44 20.3

(110)  Mixed Tiand O 36 60 18.8

S4.2. First-principles calculations of preference sites for water adsorption on A-TisOs (110) surface

In order to predict the preference sites for water adsorption on the surfaces of A-TisOs, we calculated
the water molecule adsorption energies with or without the inclusion of van der Waals interaction (vdwW). A
six-layered slab model was employed for the A-TisOs (110) surface, including 36 Ti atoms and 60 O atoms.
The vacuum length was set to 20 A. In each calculation, a 2x2x1 T'-centered k-point mesh was used. Each
layer of the slab modeling contains 6 Ti atoms and 10 O atoms. The cut-off energy for the plane waves was
set to 520 eV. The convergence criterion for the ionic relaxation and electronic iteration was set to -0.02
eV/A and 10 eV, respectively. The vdW interaction was treated via the Grimme’s D3 method®. Although
the calculated adsorption energies per H,O molecule became more negative when the vdW interaction was
included, the preference sites of the water adsorption and the general trends of the site-dependent adsorption
energy remained almost unchanged. Unless otherwise mentioned below, the calculated adsorption energies
refer to the values with the vdW interaction.

To examine possible sites for water adsorption on the A-TisOs (110) surface, different coverages of
water molecules on this specific surface should be considered. We found that the water adsorption is always
favored on the exposed surface Ti atoms. In principle, the configuration space grows combinatorically with
the increase of water molecules. Thus, it is extremely difficult to determine the most stable ground-state
configuration for the adsorption of water molecules among all possibilities. Here, we restricted our
calculations to some selected configurations, e.g., 18 configurations for a single water molecule and 15
configurations for two water molecules. Under all the considered configurations, the calculated adsorption
energies per water molecule vary from -0.14 eV to -1.15 eV for one single undissociated water molecule (Fig.
S4.2) and from -0.84 eV to -1.13 eV for two undissociated water molecules (Fig. S4.3). Until all the surface
Ti atoms have been chemisorbed by undissociated water molecules, the (110) surface will no longer
chemically adsorb other water molecules. Note that the calculated adsorption energies are all negative for the
considered configurations, revealing the hydrophilic nature of the surface.

According to our calculations, the chemisorbed water molecules on the A-TisOs (110) surface can readily
dissociate into OH groups and H atoms. When one single water molecule is adsorbed, the decomposed OH
group and H atom are respectively bonded with a surface Ti atom of Ti-Ti dimers and a surface oxygen (Os)
atom. In particular, we analyzed the water dissociation in detail by varying the number (Ngss) of the
dissociated water molecules when the maximum 6 water molecules are chemisorbed on the A-TisOs (110)
surface. Among them, the most stable configuration is the one with Ngis=3, yielding the lowest adsorption
energy of -0.948 eV per water molecule (Fig. S4.4). This corresponds to the largest total binding energy of
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5.688 eV. In this configuration, three water molecules are dissociated, while the other three molecules keep
undissociated. The dissociated three OH groups and three H atoms are, respectively, bonded to three surface
Ti atoms and three surface Os atoms to form six OH groups including three OH groups and three OsH groups
(see Fig. 3c in the main text). Note that this most stable configuration is consistent with the findings from
our long-term (100 ps) ab initio molecular dynamics (AIMD) simulations.
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Figure S4.2, Calculated adsorption energies per H.O molecule for one single water molecule adsorbing at
different sites of the A-TisOs (110) surface with and without taking into account the vdW interaction. The
dashed blue rectangle outlines the most stable adsorption site among the considered configurations.
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Figure S4.3, Calculated adsorption energies per H,O molecule for two neighboring water molecules
adsorbing at different sites of the A-TizOs (110) surface with and without taking into account the vdwW
interaction. The dashed blue rectangle outlines the most stable adsorption site among the considered
configurations.
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Figure S4.4, Calculated adsorption energy (Ead) per H2O molecule for six water molecules adsorbing on the
(110) surface against the number (Ngis) of the dissociated water molecules. All these calculations included
the vdW interaction.

Further calculations have revealed that the dissociation of water molecules adsorbed on the A-Ti3Os
surface is accompanied with the charge transfer effect. For the computational details, the Bader charges
associated with the water adsorption and dissociation were calculated using the VASP code. All computation
settings (e.g., the cutoff energy for the plane waves, the PBEsol exchange-correlation functional, the
Grimme’s D3 method for the van der Waals correction, etc.) were kept consistent with the other calculations
in Subsections S1.3 and S4.1. In order to obtain the all-electron densities including the core density and the
self-consistent valence density, the “LAECHG=.TRUE.” tag was set in the INCAR file of the VASP code.
A two-times finer FFT mesh than the default was used for achieving a better accuracy. The results were
processed using the Bader charge analysis tools developed by the Henkelman group?.

Figures S4.5a-c show the initial, transitional and final states associated with the dissociation of a single
water molecule (Fig. 3f in the main text) adsorbed on the A-TisOs (110) surface. At the initial state (IS), the
water molecule is chemisorbed by binding its O2 atom with the surface exposed Ti2 atom. At the transitional
state (TS), the H1 atom dissociates from the chemisorbed H.O and moves close to the surface exposed O1
atom. At the final state (FS), the dissociated H1 atom binds with the surface exposed O1 atom to form a new
OH group, and in the meanwhile, the OH group formed by the H2 and O2 atom binds with the surface
exposed Ti2 atom. In order to track the charge transfer process during the water dissociation, the Bader
charges of relevant atoms at the IS, TS, and FS states were computed, as shown in Fig. S4.5d. As compared
to the noninteracting slab and H2O molecule (see values in brackets of Fig. S4.5d), when the H,O molecule
is adsorbed, the surface Ti2 atom and the two H atoms of the H,O molecule lose their valence electrons,
while the O2 atom of the H,O molecule obtains the electrons. Since the H,O molecule is chemisorbed by
binding its O2 atom with the surface Ti2 atom, the charge transfer from the surface exposed Ti2 atom to the
02 atom is expected. For the dissociation process from IS to TS to FS, the H1 atom first obtains the electrons
from the surface Ti2 atom and the O2 atom of the H,O molecule when moving from IS to TS, and then
transfers the electrons to the surface O1 atom and Til atom when further moving from TS to FS.
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Figure S4.5, Bader charge analysis on relevant atoms for the adsorption and dissociation of one water
molecule on the A-TisOs (1 1 0) surface. IS, TS, and FS refer to the initial, transitional and final states,
respectively. Note that the transitional path from IS to TS to FS was obtained by ab initio energy barrier
calculations using the climbing image nudged elastic band method*’. The table in d shows the calculated
Bader charges for the IS, TS, and FS configurations in a, b and c. The values in brackets denote the calculated
Bader charges before the water molecule is adsorbed on the A-TizOs (110) surface.

$4.3. Signals of Ti-O-H bending and stretching on A-TizOs surface

For a better understanding of the enhanced water evaporation by A-TizOs, we have employed the
attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR, Thermo Scientific Nicolet
iS10) to elucidate the status of water adsorption on the A-Ti3Os surface. First, the pre-dried A-TizOs powders
were spread On a germanium crystal, and then wetted with a few drops of water, followed by an immediate
irradiation under simulated solar light. The in-situ ATR-FTIR measurements were conducted at room
temperature every two minutes, within the wavenumber range from 400 cm to 4000 cm.

Figure S4.6a presents the in-situ ATR-FTIR spectra of the as-prepared A-TisOs powder samples having
different water contents. First, two main peaks can be observed for the wetted powders. One is located at an
almost fixed wavenumber of 1643 cm, and the other around a wavenumber of 3397 cm™. These two peaks
essentially stem from the strong infrared absorbance of the §(H-O-H) bending and the O-H stretching,
respectively, in accordance with the published results for the water physisorption on TiO 8. This provides a
direct experimental evidence about the water physisorption on the A-Ti3Os surface, because the physisorbed
water is represented by the main peaks at both 1640 cm™ and 3400 cm™4%50, Second, as the water content of
the wetted powders decreased with time due to the solar-driven evaporation, the main O-H stretching peak
around 3397 cm'* gradually shifted to the higher wavenumber of 3440 cmt, accompanying a decrease in the
peak height. The decrease in the peak height is mainly because the physisorbed water molecules with weak
adsorption energies were getting evaporated. The shifting of the peak position reflects an enhanced hydrogen-
bond interaction with the A-TizOs surface as the physisorbed water was thinned due to the evaporation. In
particular, a sudden change occurred at 10 min, i.e., the two main peaks almost disappeared while some other
peaks remained, indicating that the physisorbed water was nearly evaporated out. Third, three typical features
can be easily identified from the remaining robust peaks: two peaks at 1102 cm* and 1265 cm?, three peaks
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at 2858 cm?, 2930 cm* and 2960 cm, and four peaks in the range from 3575 cm* to 3775 cm. According
to the literature, the two peaks at 1102 cm* and 1265 cm* were attributed to the Ti-O-H bending®!, and the
four peaks in the range from 3575 cm™ to 3775 cm* were very close to the reported frequencies (3670 cm?
and 3730 cm™) of the terminal OH groups from the chemically dissociated water molecules®. This fact

reveals that the chemisorbed water molecules also exist on the A-TizOs surface.
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Figure S4.6, a, In-situ ATR-FTIR spectra of A-TizOs powder samples with addition of water drops. To
prepare samples with different water contents, the wetted A-TizOs powders were exposed to solar irradiation.
After every two minutes, the ATR-FTIR spectra were recorded at room temperature. b, Calculated vibrational
modes and their corresponding vibrational frequencies for the Ti-Os-H and Ti-O-H stretching as well as the
Ti-O-H and H-O-H bending on the A-TisOs (110) surface. Note that these images are the animations, which
are better visualized in Supplementary Video S1.
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In order to resolve the specific signals from the measured ATR-FTIR spectra, we performed the first-
principles calculations of phonon vibrational frequencies for the water chemisorption on the A-TizOs (110)
surface. In our calculations, we employed the energetically most stable configuration, namely, six water
molecules chemisorbed on the (110) surface to form the hydroxylated and hydrated surface, as shown in Fig.
3¢ of the main text. Table S4.2 summarizes the calculated phonon vibrational frequencies and vibrational
modes for the considered six chemisorbed water molecules, in comparison with the experimental data.

Table S4.2, Calculated phonon vibrational frequencies for the energetically most stable configuration with
three undissociated and three dissociated water molecules on the A-Ti;Os (110) surface. Note that only
vibrational frequencies over 1000 cm! are given. The typical vibrational modes are illustrated in

Supplementary Video S1. The experimental data from the ATR-FTIR spectra are also provided.

Theory Experiment

No. Group (cm) (cm) Vibrational mode
1 1038.2
E— _— 1102
2 . 1052.3 Ti-O-H bending
3 1103.1 (H-O-H rotation)
—_— 1265
4 1198.0
5 1610.5
6 I 1634.7 1682~1778 H-O-H bending
7 1654.4
8 1916.8 - Ti-O-H stretching
9 2629.5 2858
10 11 2817.0 2930 Ti-O-H stretching
11 2929.9 2960
12 3524.0 3600 Ti-O-H stretching
13 3587.2
—_— —_— 3625
oM 36024 Ti-O-H stretching
15 3619.9 Ti-Os-H StretChil’lg
v —_— 3700
16 3627.6
17 3746.0
18 3765.2 3725 Ti-O-H stretching
19 3768.7

The vibrational modes for the Ti-Os-H and Ti-O-H stretching, as well as the Ti-O-H and H-O-H bending
above 1000 cm’!, are illustrated in Fig. S4.6b and Supplementary Video S1. Overall, our calculated results
are in good agreement with the experimental data. The calculated vibrational frequencies can be classified
into four groups (I, 11, IIl and IV) according to their similar vibrational modes, as shown in Table S4.1. Group
I contains the frequencies of 1038.2 cm™!, 1052.3 cm™!, 1103.1 cm™! and 1198.0 cm™!, which can be attributed
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to the Ti-O-H bending with the H-O-H rotation, in correspondence to the experimental peaks at 1102 ¢cm'!
and 1265 cm’'. Group II includes the frequencies of 1610.5 cm™, 1634.7 cm! and 1654.4 cm™!, which
correspond to the H-O-H bending. Note that in the experimental ATR-FTIR spectra the H-O-H bending from
the physisorbed water molecules has a strong and broad peak at ~1643 ¢cm™!, while some small peaks seem
noticeable in the range of 1682 cm'~1778 cm™!. We suspect that the theoretical frequencies of 1610.5 cm!,
1634.7 cm™!' and 1654.4 cm™!' might match these small peaks. Group III includes the frequencies of 2629.5
cm!, 2817.0 cm™ and 2929.9 cm!, which can be attributed to the Ti-O-H stretching, in resemblance to the
experimental peaks at 2858 cm’!, 2930 cm! and 2960 cm™!. Group IV includes the frequencies 3587.2 cm’!,
3602.4 cm!, 3619.9 cm! and 3627.6 cm!, which originate from the Ti-O-H stretching, in line with the
experimental peaks at 3600 cm™!, 3625 cm™!, 3700 cm™ and 3725 cm'. Notably, the calculated vibrational
frequencies in this group involve the photon vibrations not only from the Ti-O-H stretching, but also from
the Ti-Os-H stretching (see Supplementary Video S1).

It is mentioned that in our theoretical calculations, we captured a vibrational frequency at 1916.8 cm™!,
which comes from the O-H stretching of the chemisorbed water on the surface Ti atom (see Supplementary
Video S1). However, no pronounced peak is observed in the experimental ATR-FTIR spectra. Instead, a broad
shoulder around 2000 cm! is evident from the experimental spectra recorded at 0 min, 2 min, 4min and 8
min (Fig. S4.6a) for the physisorbed water. This seems contradictory to our calculations for the chemisorbed
water. Nevertheless, considering the complicated experimental conditions, some deviations of the predicted
vibrational frequencies from the experimental values should be acceptable. To conclude, our experimental
ATR-FTIR spectra combined with the calculated vibrational frequencies have confirmed the existence of Ti-
O-H bonds and Ti-Os-H bonds for the water chemisorption on the A-Ti3Os surface. Moreover, the ATR-FTIR
spectra have demonstrated that the water molecules adsorbed on the A-TizOs surface belong to the
chemisorbed ones, whereas the water molecules above the chemisorbed water molecules belong to the
physisorbed ones.

S4.4. AIMD simulations of water molecule distributions on A-TisOs (110) surface

With the aim to uncover the dynamics of water molecule dissociation on the A-Ti3Os (110) surface, we
have constructed an interfacial model (consisting of a five-layer A-TizOs slab and 49 water molecules with
an 18 A vacuum height) and performed long-term AIMD simulations. The thickness of 49 water molecules
nearly matches that of the interfacial water layers above the surfaces of solid materials (~1 nm)%2. The vdW
interaction was treated via the Grimme’s D3 method*. The AIMD simulations were carried out at 300 K in
a constant-volume ensemble (NVT) with a Nosé-Hoover chain thermostat. The energy cutoft for the plane
waves was set to 520 eV, and only the I” point was used. The time step was set to 1 fs and the simulations ran
for 100 ps in a total of 100, 000 steps.

By inspecting the AIMD trajectories, we captured four distinct Regions I, I1, 111 and IV above the clean
(110) surface of A-Ti3Os, as shown in Fig. 3h of the main text and described in more detail below.

(i) In Region I, the A-TisOs (110) surface is hydroxylated and hydrated by chemisorbing water molecules,
in nice accordance with the above first-principles calculations. As displayed in Fig. 3c of the main text, the
three undissociated water molecules chemically bond the terminations of three surface Ti atoms. The other
three water molecules are dissociated into three OH groups and three H atoms, which chemically bond the
surface exposed Ti atoms and Os atoms, respectively. It needs to be emphasized that the clean (110) surface
of A-Ti3Os is very active and it can be easily hydroxylated and hydrated.
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(ii) In Region I, there exists an active hydrogen-bonded water layer with a typical thickness of about 3
A (Fig. 3h of the main text) between the chemisorbed water molecules (Region 1) and the bulk-like water
(Region I11). Within this water layer, water molecules often dissociate into OH groups and H atoms (Fig.
S4.7a; see Supplementary Video S2), mainly due to the unsaturated surface OH or OsH groups in Region I.
Importantly, the physisorbed water molecule confined on the U-shaped groove can easily form one
intermediate HsO* unit by trapping an extra H atom from the neighborhood OsH group (Figs. S4.8a-S4.8e).
This H3O* unit is metastable, exhibiting the fast transfer of H atom between surface OsH group and
intermediate H3O* unit (see Subsection S4.5). In addition, the lengths of hydrogen bond surrounding the
HsO* unit are usually short, demonstrating strong hydrogen-bonded interaction. By statistically analyzing
the continuous 40,000 AIMD trajectories, the occurrence probability of HsO* units is as high as 22.6% above
the hydroxylated and hydrated surface, revealing that this water layer is highly active.

(iii) In Region 111, a bulk-like water layer with a thickness of 2~3 A exists, in which the hydrogen-bond
lengths between water molecules are usually in a range from 1.5 A to 1.8 A, but most of them lie in the range
of 1.55~1.75 A (Fig. 3h of the main text).

(iv) In Region 1V (representing the top water layer with a thickness of about 8 A), water molecules also
frequently dissociate into OH groups and H atoms within the outermost water layer (Fig. S4.7; see
Supplementary Video S2) within a thickness of about 3~4 A next to the vacuum (Fig. 3h in the main text). A
dissociated H atom usually forms the intermediate H;O* unit with one of its neighboring water molecules
(Figs. S4.8f-g). The occurrence probability of HsO* units among the continuous 40,000 AIMD trajectories
is 5.6% in the outermost water layer. Although this occurrence probability is lower than that in Region Il, it
is still very high. This fact reveals that the water molecules in Region IV are active, as well. Once the H30*
units within the outermost water layer form, the hydrogen-bond lengths (1.2~1.7 A) are relatively shorter
around the H3O* units, but the other hydrogen-bond lengths usually remain a wide range from 1.4 A to 2.2
A (Fig. 3h of the main text; Figs. S4.8f-h).

Ti
0 O (from H,0)
@ O (from ATi0y)
H
® H
' H
' H

Figure S4.7, AIMD simulations of 49 water molecules adsorbed on the A-TizOs (110) surface. a, Highlight
for the water dissociation. b, Highlight for the frequent H transfer process appearing at the U-shaped groove.
¢, Highlight for the formation of HzO* unit. Note that these images are the animations, which are better
visualized in Supplementary Video S2.
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Figure S4.8, a-e, AIMD simulations of 49 water molecules adsorbed on the A-Ti3;Os (110) surface. Five
snapshots are selected to show their time-dependent AIMD trajectories in the range from 53,398 fs to 53,498
fs. f, g and h, Zoom-in images of the top parts next to the vacuum of the panels b, ¢ and e, respectively. The

dotted lines indicate the hydrogen bonds (the number denotes to the length in the unit of A).

S4.5. Transfer of H atom and formation of HsO* unit on A-TisOs (110) surface

By examining the long-term (100 ps) AIMD trajectories, we have revealed that the H transfer process
occurs as a recurring event. In particular, the intermediate H3O* unit represents the most frequent event by
transferring H from the dissociated H atom of the surface hydroxyl (OsH) on the hydroxylated and hydrated
L-Ti30s (110) surface to the physisorbed water molecule above the U-shaped grooves. Herein, the H30* unit
was identified from the AIMD trajectories using a simple geometric criterion, i.e. all bond lengths between a
centered O atom and its three nearest-neighbor H atoms are less than or equal to 1.2 A. The same criterion
was also adopted when analyzing the H atom transfer process. To determine the lifetime of the H;O* unit,
we examined the AIMD trajectory with structure snapshots dumped every femtosecond and recorded the
corresponding time steps when the H3O* unit emerges and vanishes. Eventually, we took the length of the
time interval in which the H3O* unit survives as its lifetime. The histogram of the H3O* lifetime was plotted

using a bandwidth of 10 fs. In the following, we summarize our key findings from the AIMD data.
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(1) The occurrences of the intermediate H3O* units become the most frequent event among the 100 ps
AIMD simulation. Our statistical analysis demonstrated that among the 100,000 AIMD steps the intermediate
H30* units occurred in 29,078 steps, implying a probability of as high as 29%. The lifetimes (LTs) of these
H3;O* units varied in a broad range from 2 fs to 426 fs, having a percentage of 40%, 42%, 7% and 6% in the
time intervals of 0~10 fs, 10~20 fs, 20~30 fs and 30~50 fs, respectively (Fig. S4.9a). With and without the
appearance Of the H3O* units, the fluctuation of the total energy of the system behaves almost the same (see
Fig. S4.9b).

(2) The physisorbed water molecule can easily dissociate above the saturated hydroxylated and hydrated
A-Ti30s (110) surface. According to the 100 ps AIMD trajectories, the physisorbed water molecules
frequently dissociate into OH groups and H atoms (Fig. S4.10c). A dissociated H atom usually binds with a
surface Os atom to form one surface OsH group. Once this surface OsH group forms, the two upper edges of
a U-shaped groove would have four OH groups. Inevitably, the appearance of the four OsH groups refers to
a metastable state, because the chemisorption energy of the fourth OsH group on the saturated hydroxylated
and hydrated (110) surface is 0.75 eV (Fig. S4.10a) and, furthermore, the energy required to dissociate an H
atom is -0.28 eV by breaking one of the three surface OsH groups (Fig. S4.10b). This fact reveals that three
surface OsH groups on the (110) surface is the most favorable configuration.

(3) The alternating appearances of four surface OsH groups and H3;O* units result in the fast transfer of
H atom. On the saturated hydroxylated and hydrated (110) surface, the relaxation of intermediate H;O* units
always returns water molecules and H atoms. More than 80% of the intermediate H3O* units exhibit a
relatively short LT below 20 fs. The two kinds of metastable states (i.e., four surface OsH groups and
intermediate H3O* units) alternatively occur, which drive the fast transfer of H atom between the OsH groups
and the H3O0* units. Figure S4.11 presents the forth-and-back process for such a transfer. It typically consists
of four basic steps.

(1) The first step refers to the dissociation of the hydrogen-bonding water molecules within the active
physisorbed water layer in Region II. The dissociated OH group is hydrogen-bonded with its neighboring
water molecules and the dissociated H atom binds with the surface Osatom of A-Ti30s to form the fourth OsH
group.

(i1) The second step is that one of the four OsH groups becomes broken to deliver an H atom. The
hydroxylated and hydrated (110) surface approaches its most stable state again, while the dissociated H atom
starts to look for its neighboring water molecule.

(ii1) The third step is that this dissociated H atom binds with the neighboring hydrogen-bonded water
molecule to form the metastable H3O* unit above the U-shaped groove.

(iv) The fourth step is that the metastable H;O* unit relaxes to a stable state with a certain LT, again
dissociating a normal water molecule and an H atom. The dissociated H atom binds with the surface O atom
to create the fourth OsH group. With this occurrence, the state comes back to the first step.

(4) The fast transfer of an H atom between surface OsH group and H3O* unit is accompanied with the
charge transfer. When the H3O* unit appears, two features are relatively obvious. First, the charge of the O
atom (O1 atom; upper panel in Fig. S4.12) in the H3O* unit seems to increase rapidly. Second, the transferred
H atom (H2 atom; lower panel in Fig. S4.12) loses its charge apparently. It can be understandable that the
transferred H2 atom contributes its electrons to the O1 atom. The only exception is in the time range from
54,419 fs to 54,427 fs, in which no H3O* unit appears. In this case, the O1 atom also exhibits a charge

increase, but the H2 atom does not lose its electrons. The charge peak is mainly contributed by the H1 atom
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(lower panel in Fig. S4.12).
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Figure S4.9, a, LT histogram of the H;O* units derived with the 100 ps AIMD simulation. b, Total energy
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Figure S4.10, Water adsorption on the hydroxylated and hydrated A-TizOs (110) surface interacting with
external water molecules. a, Forming a new OsH group by an external H atom. b, Breaking an OsH group
into a dissociated H atom. ¢, Sketch of a suspended water molecule (left), the dissociation of this suspended
water molecules into an OH group and a dissociated H atom (middle), and the formation of a new surface

OH group by the dissociated H atom (right).
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Figure S4.11, Forth-and-back transitions of the H3O* unit in the active water layer above the hydroxylated
and hydrated (110) surface. The two processes of a (54,341~54,354 fs) and b (54,369 fs~54,511 fs) are
selected from the AIMD trajectories to illustrate the whole forth-and-back transitions of H3O* when a water

molecule is confined on the U-shape groove.
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Figure S4.12, Calculated Bader charges of atoms in intermediate H3O* units, formed in the active water
layer and confined above the U-shape groove of the hydroxylated and hydrated (110) surface of A-Ti3Os. The
gray background shows the appearance of H3O* units in different time ranges. The symbol O1 denotes the
O atom in the H3O* units or the O atom of the targeted H-O molecule before the H;O* formation. The symbol
H2 denotes the transferring H atom between the surface OsH group and the H3O* unit, and the symbols H1
and H3 denote the H atoms of the targeted H,O molecule before the H;O* formation.
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S4.6. Calculated hydrogen bond lengths and binding energies for different water molecules clusters

To investigate the binding interactions associated with the H transfer, we have calculated the lengths of
hydrogen bonds within different kinds of water clusters (or protonated water clusters), as well as the binding
energies between a water cluster and a neighborhood water molecule. Four kinds of stable clusters, including
C(H20)3, C(H20)4, C[(H20)s+H] and C[(H20)s+H], were selected as reported in the literature®*%°. The
symbols C(H.0), and C[(H20),+H] (n=3, 4) denote a cluster consisting of n water molecules without and
with an H atom, respectively. The structure optimizations on these clusters were made taking into account of
the vdW interaction. As shown in Fig. S4.13, the optimized C(H20), and C[(H20)n+H] agree well with the
previously reported ones5355. The lengths of hydrogen bonds are 1.729 A, 1.733 A and 1.747 & in C(H,0)3
(Fig. S4.13b), and 1.591 A, 1.595 A, 1.606 A and 1.607 A in C(H20)4 (Fig. S4.13c), whereas they are 1.363
A and 1.374 A in C[(H20)s+H] (Fig. S4.13e), and 1.289 A, 1.401 A, 1.665 A and 1.712 & in the C[(H20)4+H]
(Fig. S4.13f). Interestingly, the lengths of hydrogen bonds are significantly shortened around the HsO* unit.
It implies that once an H atom is incorporated into one water cluster, the overall binding interactions within
the cluster are strengthened. This is mainly because the extra proton can make the HsO* unit positively
charged and trigger charge redistribution over the cluster. As a result, it enhances the hydrogen-bonding
interactions between the HzO* unit and its neighboring water molecules, and hence shortens the lengths of
hydrogen bonds around the HzO* unit.
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Figure S4.13, Optimized structures and calculated total energies of stable water clusters. a and d, H2O. b,
C(H20)3. ¢, C(H20)4. e, C[(H20);+H]. f, C[(H20)s+H]. E denotes the total energy calculated by first-

principles calculations. The introduced proton is colored in yellow.

For details, the hydrogen-bonding energy between the C(H.0)s and a neighboring water molecule was
calculated as follows,

ES[C(H.0)3/H20] = E[C(H20)s] —E[C(H.0)s] —E(H20) = -0.728 eV, (33)

where E[C(H20)4], E[C(H20)3] and E(H20) are the calculated total energies of their equilibrium structures
for C(H20)a4, C(H20)s and a water molecule, respectively. Similarly, the hydrogen-bonding energy between
the protonated C[(H20)s+H] and a neighboring water molecule was calculated as follows,

E*{C[(H20)3+H]/H.0} = E{C[(H20)4+H]} —E{C[(H20)s+H]} —E(H20) = -0.620 eV, (34)
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where E{C[(H20)4+H]}, E{C[(H20)s+H]} and E(H.0) are the calculated total energies of their equilibrium
structures for C[(H20)4+H], C[(H20)s+H] and a water molecule, respectively. It demonstrates that once a
proton is introduced, the hydrogen-bonding interaction between the protonated cluster and its surrounding
water molecule is weakened.

S4.7. Evidence on the A-TizOs assisted water evaporation in the form of small clusters

To show the enhanced formation of water clusters on the A-TizOs surface, we have measured and
analyzed the Raman spectrum of the interfacial water on the 2D A-TizOs evaporator, following the method
described in Refs. 42, 44 and 56. Herein, a 2D A-Ti3Os evaporator (30 mm in diameter and ~100 um in height)
was fabricated by dispersing the as-prepared A-TisOs powders onto a cellulose membrane through vacuum
suction filtration. It was then padded with absorbent cotton (for water supply) and placed inside a glass dish
containing liquid water (see the inset in Fig. S4.14b). In our experimental setup, the glass dish was directly
put on the sample table of the Raman instrument (iHR 550, Horiba Jobin Yvon). The excitation light with a
wavelength of 532 nm was focused on the top surface of the 2D A-TizOs evaporator, and the Raman spectrum
was recorded at ambient temperature in the wavenumber range of 2850~3650 cm. For comparison, the
Raman spectrum of bulk water was also measured under the same conditions.

Figures S4.14a and b present the measured and fitted Raman spectra for interfacial water adsorbed on
the 2D A-TisOs evaporator and bulk water, respectively. According to the literature**5¢, the collected Raman
spectra cover all vibration information of O-H bonds from four hydrogen-bonded liquid H.O (Peak 1 and
Peak 2), H20 clusters (Peak 3), and isolated H.O molecules (Peak 4). For the case of bulk water (Fig. S4.14a),
the area fraction of Peak 3 is around 16.0%, in fairly good agreement with the reported one (around 14.3%)*.
As for the case of interfacial water adsorbed on the 2D A-Ti3Os evaporator (Fig. S4.14b), the area fraction of
Peak 3 is about 24.1%, which is obviously larger than that (16.0%) of bulk water. This demonstrates that A-
Ti30s can facilitate the formation of water clusters, in consistent with our AIMD simulation results.
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Figure S4.14, Raman spectra of bulk water and interfacial water on 2D A-TisOs evaporator in the energy
range of O-H stretching modes. a, Bulk water. b, interfacial water on 2D A-Ti3Os evaporator. The inset in b
shows the photograph of a 2D A-TizOs evaporator (placed inside a glass dish containing liquid water).

Furthermore, we have carried out a special indoor water collection experiment to evidence the enhanced

water evaporation in the form of clusters by A-TisOs. This was done by tracing the concentrations of Li* ions
in the condenser, following a procedure detailed by Yu and his coworkers*?. According to the literature®’-%°,
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the nonvolatile electrolyte LiCl can be loaded by water clusters. During the solar vapor generation, the Li*
ions would be carried to the condenser if the water evaporation proceeds in the form of clusters*. In this
connection, the concentration of Li* ions in the evaporated water would reflect the degree of water
evaporation in the form of clusters assisted by A-Ti3Os.

In the present experimental setup, a water solution with the concentration of 100 g/L LiCl was prepared.
The light-absorbing A-TisOs powders were directly and evenly spread in a glassware (served as a 2D A-TizOs
evaporator), to avoid the interference of absorbent cotton and cellulose membrane (used in our routine 2D A-
Ti3Os evaporator) to the Li* movement. The prepared LiCl solution was slowly pumped into the glassware
using an electronic constant flow pump (HL-2B, HUXI Analysis Instrument), to maintain the content of
interfacial water on the surfaces of A-TisOs powders upon one sun irradiation. The evaporated vapor was
condensed into liquid water and continually collected. For comparison, the indoor water collection was also
made on the direct evaporation of the LiCl solution under one sun irradiation. For both cases, the residual Li*
concentrations in the condensed water were tested by inductively coupled plasma mass spectrometry
(iCAP7400, ThermoFisher). Results show that the concentrations of Li* ion in the condensed water are
approximately 49.5 mg/L by use of the 2D A-Ti3Os evaporator, and 2.3 mg/L without use of the 2D A-TizOs
evaporator (i.e., by the direct evaporation of the LiCl solution). Notably, the A-Ti3Os assisted interfacial water
evaporation has yielded a much higher Li* concentration than the bulk water evaporation. This result has
confirmed that the A-TizOs powders can facilitate interfacial water evaporation in the form of small clusters,
which is also in agreement with the above Raman spectral analysis.

In summary, both the Raman results and the measured concentration of Li* ion in the evaporated water
evidence that A-TisOs facilitates water evaporation in the form of small clusters. When water evaporation
proceeds in the form of clusters, it would require less energy as some hydrogen bonds do not need to be
broken for evaporation. This would be the reason for the reduced water vaporization enthalpy, as detected on
the interfacial water evaporation utilizing A-TizOs.
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Section 5. Performances of three-dimensional (3D) evaporator system
S5.1. Experimental setup of 3D solar steam evaporator system

The experimental setup for the 3D solar steam evaporator (3D-SSE) system is almost the same as that
of the 2D-SSE system, except that 2D evaporators are replaced by 3D evaporators, as schematically shown
in Fig. S5.1. Individual cylindrical 3D-SSEs with a diameter of 15 mm and different heights were fabricated
with hierarchical-porous PVA hydrogels using various TSOs as light absorbers. One low-density PE foam
sheet with a punched hole in the center was used as a holder to keep the cylindrical evaporator upward with
no inclination. To reduce the thermal losses by convection and radiation as well as the solar energy loss by
reflection, a conical cavity was further introduced at the top of 3D-SSEs for the structure optimization.
Meanwhile, a little cotton was added into the PVA hydrogels to enhance the ability of water supply. The
integrated 3D-SSE system was floating on bulk water within a beaker (50 mL) and then subjected to solar
irradiation. It should be noted that the hierarchical structure of porous PVA hydrogel with super-
hydrophilicity provides rich channels for water transportation. During the water evaporation measurements,
an aperture was added to ensure that the solar light only covers the top surface of the 3D-SSEs.
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Figure S5.1, Diagrammatic sketch for measuring the solar evaporation performance of 3D-SSE in an open

environment.

S5.2. Optimizations of cylinder-shaped 3D-SSEs

The microstructures of the hydrogels, prepared with PVA, A-Ti3Os particles and cotton, were examined
with a field-emission scanning electron microscope (JEOL JEM7001F). They are typical of hierarchical pores
from several microns to hundreds of microns, as shown in Figs. S5.2a and S5.2b. In addition, cotton fibers
can be observed near the pores. According to the elemental mapping by energy dispersive spectrometer (EDS)
on C and Ti elements (Figs. S5.2c and S5.2d), the A-Ti3Os particles are nearly uniformly distributed in the
porous PVA-based hydrogels.
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Figure S5.2, Morphologies and EDS maps of hydrogels prepared with PVA, A-TisOs particles and cotton.
a-b, Secondary electron images. c-d, Spatial distributions of C and Ti elements.

In our first attempt, we designed a normal cylindrical 3D-SSE structure with the same diameter (15 mm)
and effective height (7 mm) for water evaporation. For easy comparison, each 3D-SSE was made of
hierarchical-porous PVA hydrogels with an addition of 6 wt.% TSO powders. For the light-absorbing TiO,
C-Tiy0s, TisO7, B-TizOs and A-TizOs, the corresponding water evaporation rates were measured to be
1.14~1.26 kg m h'! under dark condition, and respectively 3.1020.08 kg m2 h, 3.3540.04 kg m? h,
3.4940.04 kg m2 h1, 3.6140.12 kg m?2 h't and 4.0420.03 kg m* h! under one sun irradiation (Fig. S5.3).
Again, the 3D-SSE using A-TizOs powders exhibits the highest water evaporation rate. As for pure PVA
hydrogels (without an addition of TSO powders), the water evaporation rates were measured to be 1.0240.03
kg m2 h under dark condition and 2.4840.02 kg m*? h'! under one sun irradiation. Note that our mean
measured water evaporation rate for pure PVA hydrogels is comparable to the reported values in the literature,
e.g. 2.3~2.56 kg m2 h'* under one sun irradiation for the cylindrical evaporators with thicknesses of 5~8
mmb281In addition, our mean measured water evaporation rate of 3.35340.04 kg m2 h' for the light-
absorbing C-Ti,Os is in fairly good agreement with the reported value of 3.6 kg m2 h1 82, The small deviation
in the water evaporation rate can be attributed to the size effect of light absorber on solar absorption, since
the particle size (100 mesh) of the commercial C-Ti,O3z powders used in the present study is larger than that
(about 200 nm) refined via ball milling®2. This further confirms the validity of our current measurements.
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Figure S5.3, Water evaporation performances of normal cylindrical 3D-SSEs (15 mm in diameter and 7
mm in effective height) with or without an addition of 6 wt.% TSO powders to PVA hydrogels. a, Water
mass change vs time. b, Mean measured water evaporation rates. The error bars are the standard deviations
of the mean (n = 3, n is the number of evaporation rates for each sample used to derive statistics).

With the aim at elevating water evaporation rate, we have made a structural optimization on the normal
cylindrical 3D-SSE with 6 wt.% A-Ti30s powders. This was down by increasing the effective height of 3D-
SSE to extend the surface area for water evaporation. Besides, a little cotton was mixed into the PVA-based
hydrogels to improve the water supply. As shown in Fig. S5.4, with increasing the effective height from 7
mm to 30 mm, the water evaporation rate under one sun irradiation increased from 4.63+0.05 kg m? h'! to
5.95+0.05 kg m2 h!. Although the highest water evaporation rate was achieved at the effective height of 30
mm, the salt precipitation occurred after one-hour solar illumination. Hence, we chose an effective height of

20 mm for the cylinder-shaped 3D-SSEs without salt precipitation during long-term water evaporation.
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Figure S5.4, Effective height optimization of water evaporation performances for the normal cylindrical 3D-
SSEs (15 mm in diameter) with an addition of 6 wt.% A-TizOs powders to PVA hydrogels. a, Water mass
change vs time. b, Mean measured water evaporation rates. The error bars are the standard deviations of the
mean (n = 3, n is the number of evaporation rates for each sample used to derive statistics).

By fixing the effective height (20 mm) for the cylindrical 3D-SSEs, we have further optimized the
weight percentage of A-TisOs powders within PVA hydrogels and, in the meanwhile, added a conical cavity
on the top of the 3D-SSEs. Actually, the introduction of a conical cavity can reduce the solar energy loss by
reflection (through multiple reflections inside the conical cavity). More importantly, it allows the solar light
to go deep into the 3D-SSEs for a better balance between solar evaporation and water supply. This leads to
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a decrease in the temperature gradient and the surface temperatures of the 3D-SSEs, which are beneficial to
lowering the thermal losses by conduction, convection and radiation. As shown in Fig. S5.5, with increasing
the weight percentage of A-TizOs powders from 0 wt.% to 10 wt.%, the water evaporation rates were
measured to be 1.69~1.78 kg m2 h"* under dark condition, and 3.30~6.09 kg m2 h"* under one sun irradiation.
Note that our record value of 6.09 kg m? h! was achieved with the addition of 6 wt.% A-TisOs powders and
a little cotton into PVA hydrogels, compared to 3.30 kg m h-* for pure PVA hydrogels. Thus, we used the
3D-SSEs with 6 wt.% A-TizOs powders and a little cotton for the indoor and outdoor water collection
experiments.
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Figure S5.5, Weight percentage optimization of A-TisOs powders for the cylinder-shaped 3D-SSEs (15 mm
in diameter and 20 mm in effective height) with a conical cavity (14 mm in diameter and 6 mm in depth). a,
Water mass change vs time. b, Mean measured water evaporation rates. The error bars are the standard
deviations of the mean (n = 3, n is the number of evaporation rates for each sample used to derive statistics).

S5.3. Estimation of solar-to-steam efficiency for 3D-SSE with a conical cavity

To calculate the solar-to-steam efficiency of cylinder-shaped evaporator with a conical cavity, we refer
to our experimental measurements for the 3D-SSE system in an open environment, as illustrated in Fig. S5.1.
The relevant parameters used in the present calculations are compiled in Table S5.1. Indeed, the
computational methodology for the 3D-SSE system is similar to that for the 2D-SSE system, as detailed
below.

Table S5.1, Parameters used for estimating the solar-to-steam efficiency of 3D-SSE with a conical cavity.

Copt 1 deone 6 mm
Do 1 kW m?2 O E 1.76715x10* m?
t 1h Algteral, 9.42478x10* m?
€3D-SSE 0.97 Ay 2.27765%107° m?
h 5Wm2K! Shsse 1.53938x 10 m?
o 5.68x10% W m? K Thateral 24.2°C
chulkwater | 42x10° ) kgt K Typ sk 30.0°C
Ro 3.59% T5D0SsE 30.0°C
70 7.5 mm Tenivr 24.5°C
ri 7 mm Tinitial o 24.5°C
h3p-ssE 20 mm T ater 24.5°C
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Consider a cylindrical 3D-SSE having a conical cavity on the top. The cylindrical 3D-SSE has a radius
ro and an effective height A3p.sse above the foamed PE, and the conical cavity has a radius 1 and a depth
dcone. When solar light is incident on the surface of the 3D-SSE for a duration ¢, the total solar energy (Qsojar)
and the solar energy loss by reflection (Qrefiection) read

Qsolar = Copt Po A3p-ssg € (35)
and

Qreflection = R Qsolar » (36)
cross

where ASHE is the cross-sectional area at the bottom of the 3D-SSE, and R is the overall solar reflectivity

of the 3D-SSE with the conical cavity. Here, R is calculated by
= [(nrg — nr{)Ry + nrf Ry]/(mr§) = (1 —1{ /1) Ro + (rF /76) Ry, (37)

where R, and R; are the mean solar reflectivities of the ring part and the conical cavity part of the 3D-SSE,
respectively. For the 3D-SSE using A-TizOs particles as light absorbers, R is considered to be negligibly
small. This is mainly due to the fact that the mean measured solar absorptivity of the as-prepared A-Ti30s
powders is as high as 96.41%, and the overall light absorption performance of the 3D-SSE is further improved
by the hierarchical-porous hydrogel structure (increasing surface area for light absorption) and the conical
cavity (allowing multiple-reflection inside the cone). The mean solar reflectivity (R,) of the ring part should
be smaller than that (3.59%) of pure A-Ti30s powders, since the 3D-SSE has a hierarchical-porous structure.
As for the conical cavity part, the mean solar reflectivity (R,) is set as zero, owing to the synergetic effect of
the hierarchical-porous structure and the cavity induced multiple-reflections. This leads to a reduced R
value (~0.0046) according to Eq. (37), compared to that (3.59%) for the 2D-SSE.

In a steady state, the thermal losses by radiation, convection and conduction for the 3D-SSE within the
duration ¢ are evaluated using a general method described in the literature?>?4. The total radiative thermal
loss to the surroundings, Q.giation, 15 €Stimated as the sum of those from the lateral surface of the 3D-
SSE (Qateral Y the outer surface of the ring part (Q

rin ) and the inner surface of the conical cavity part

radiation radlatlon
cone
radlatlon) ie.,
_ nlateral ring cone
Qradiation - Qradiation + Qradiation + Qradiation (38)
with
Qlateral Alatera ( lateral -T 4) t 39
radiation = “13D-SSE €3D-SSE O ({3D-SSE enivr ) Ls (39)
H 4
ring ring ring _ 4
Qradiation - A3D SSE €3D-SSE O (T3D SSE Tenivr ) t, (40)
cone Tcone 4 4
Qradiation A3D SSE €3D-SSE O F12 ( 3D-SSE T Tenivr ) t. (41)

Here, &3p.gsg is the emissivity of the 3D-SSE, ARl and AnggSSE Shissg) are respectively the lateral

surface area of the 3D-SSE and the cross-sectional area of the ring (cone) part at the top of the 3D-SSE,

TIveal Topsep and TSoNg are respectively the temperatures of the lateral surface, the outer surface of the

ring part and the inner surface of the cone part of the 3D-SSE, and T.p;, is the environment temperature.
o . A
The shape factor for the cone-shaped surface is given by®?, i.e., F;, = A—z =nri/(mrl) =1 /¢ + dZone.
1
The total convective heat loss to the surrounding air, Q.onvection» 1S calculated as,

_ plateral ring cone
Qconvection - convection+QconveCtion + Qconvection (42)

with
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lateral _ plateral lateral
convection = A3p-ssg 1 (T3p'ssE — Tenive) & 43)

ring __ 4ring ring

Qconvection - A3D—SSE h (T3D—SSE Tenin) t, (44)
cone — cone cone
convection = A3d-sse 1 (T3p"ssg — Tenivr) t- (45)

The total conductive thermal loss to bulk water, Q.onduction» 1S €Stimated by

initial end

_ rbulk water
- CP Mpulk water (Tbulk water bulk water./ » (46)

Qconduction

where Myywater 1S the mass of bulk water in the beaker, and TiMitial ——and Ted ~ are the
temperatures of bulk water in the beaker before and after solar irradiation for the duration #, respectively.

Finally, the total loss (Q),ss) and the solar-to-steam efficiency (9sojar steam) Of the 3D-SSE are calculated as,
Qloss = Qreﬂection + Qradiation + Qconvection + Qconductiona (47)

Nsolar_steam = 1 — Qioss/CQsolar- (48)

By inserting the parameters (Table S6.1) into the above expressions, the solar-to-steam efficiency of the
present 3D-SSE system was estimated to be as high as 95.92% upon one sun irradiation. This value is
significantly higher than the solar-to-steam efficiency (68.3%) of the counterpart 2D-SSE system, and even
larger than the photothermal conversion efficiency (92.4%) of the A-Ti3Os pill sample in a dry condition. The
enhancement in the solar-to-steam efficiency can be attributed to two factors. First, by the introduction of a
conical cavity and the hierarchical-porous structure into the 3D-SSE promotes solar absorption, it reduces
the solar energy loss as suffered in both cases of the 2D-SSE and the A-Ti30s pill sample. Second, the highly
hydrophilic nature of the interconnected hierarchical-porous PVA mixed with cotton allows for a sufficient
water supply and provides abundant surfaces and channels for water evaporation. This keeps the interfacial
water evaporation at reasonable temperatures over a large volume and thus lower the thermal losses caused
by conduction, convection and radiation. As shown in Fig. S5.6, the overall surface temperatures of the 3D-
SSE in an open environment are rather low under dark and one sun irradiation, even lower than the ambient

temperature. This indicates that such a 3D-SSE could absorb extra energy from the atmosphere.
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Figure S5.6, Surface temperature variations under dark and one sun irradiation for the 3D-SSE with a conical
cavity. The 3D-SSE was made of hierarchical-porous PVA hydrogels with the addition of 6 wt.% A-TizOs
powders and a little cotton. b-d, Infrared photographs at 0 min, 30 min, and 60 min under one sun irradiation.
e-g, Infrared photographs at 0 min, 30 min, and 60 min under dark condition.
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S5.4. Thermal stability and mechanical properties of 3D-SSEs with a conical cavity

To check the thermal stability and mechanical properties of the 3D-SSEs using 6 wt.% A-TisOs powders,
we have performed a long-term (100 hours) solar-driven evaporation measurement on 3.5% saline water in
an open environment. It can be seen from Fig. S5.7 that under one sun irradiation, the overall water
evaporation performance keeps at a very high level with the average rate of about 5.9620.08 kg m= h-L. This
demonstrates that these 3D-SSEs can work steadily under solar irradiation for long time.
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Figure S5.7, a, Evaporation rates of 3.5 wt.% saline water under one sun irradiation using the cylindrical
3D-SSE with a conical cavity. The insets present the photographs of the 3D-SSE tested for 20 h, 60 h and
100 h, showing no salt precipitation. b-c, Time-dependences of the evaporated water mass for the 15t hour
and 90™ hour evaporation, respectively.

Furthermore, we examined the mechanical properties of the 3D-SSEs before and after the long-term
(100 hours) solar-driven evaporation measurement. Both the compression (Figs. S5.8 and S5.9) and bending
(Fig. S5.10) tests demonstrated that they have excellent mechanical properties. No matter whether the
compression or bending tests were performed, the 3D-SSEs recovered back to their initial states, even after
the 100 h solar-driven evaporation. All these results have confirmed that the present 3D-SSEs exhibit not

only promising water evaporation performances, but also good mechanical properties and thermal stability.
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Figure S5.8, Compression tests on a cylindrical 3D-SSE along the length direction before and after 100 h
solar-driven water evaporation. a and d, Initial states. b and e, Under compression. ¢ and f, After compression.
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Figure S5.9, Compression tests on a cylindrical 3D-SSE along the transverse direction before and after 100
h solar-driven water evaporation. a and d, Initial states. b and e, Under compression. ¢ and f, After
compression.

72,3 4 570NN

After long-term desalination

Figure S5.10, Bending tests on a cylindrical 3D-SSE before and after 100 h solar-driven water evaporation.
aand d, Initial states. b and e, Under bending. c and f, After bending.

S5.5. Indoor and outdoor clean water collections with 3D-SSEs

First, we conducted the indoor water collection experiments with the present 3D-SSE system in a closed
environment, as shown in Fig. S5.11. Individual 3D-SSEs with a conical cavity on the top were made of
hierarchical-porous PVA-based hydrogels with 6 wt.% A-TizOs powders and a little cotton. Each 3D-SSE
has a diameter of 15 mm and a height of 20 mm above the PE foam sheet (8 mm in thickness), and the conical
cavity has a diameter of 14 mm and a depth of 6 mm. A group of sixteen 3D-SSEs were then evenly inserted
into the PE foam sheet, floating on the simulated 3.5 wt.% saline water in a container (Fig. S5.11a). During
the simulated solar irradiation (one sun), the evaporated vapor condensed into liquid water on the condenser
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walls that were cooled by cooling water (added once without circulation). The purified water was continually
collected into a 100 mL cylinder vessel via a transparent glass pipe. It can be seen from Fig. S5.11b that the
average hourly collection rate of purified water monotonously increased from 0 kg m? h' to 3.1940.04 kg
m2 h for the first four hours, and then it remained constant during the subsequent six hours. In total, an
amount of about 97 mL purified water after 10 hours was yielded (Fig. S5.11c). For comparison, we also
performed the indoor water collection experiments on the direct evaporation of the 3.5 wt.% saline water by
removal of the 3D-SSEs from the evaporation device. No purified water was collected upon one sun
illumination in the first two hours and, after four hours, the average hourly collection rate of purified water
kept almost a constant value (about 0.2140.01 kg m h1), as shown in Fig. S5.11b. Accordingly, the hourly
water collection rate of the present 3D-SSE system is about fifteen times that for bulk water (i.e., without the
3D-SSEs) under the same indoor laboratory condition.
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Figure S5.11, Indoor solar desalination performance of the cylindrical 3D-SSEs with a conical cavity under
one sun irradiation. a, Schematic illustration and photograph of the solar water desalination system for salty
water purification. b, Average hourly collection rates of purified water from 3.5 wt.% saline water under one
sun irradiation with and without the 3D-SSEs. The error bars are the standard deviations of the mean (n = 3,
n is the number of collection rates used to derive statistics). ¢, Photographs showing the collection yields of
purified water in a measuring cylinder during 10 h.

To the best of our knowledge, the indoor water collection rate of the present 3D-SSEs (i.e., made of
hierarchical-porous PVA hydrogels plus 6 wt.% A-TizOs powders and a little cotton) is higher than those
reported in literature. For instance, Guo and his coworkers prepared the normal cylindrical 3D-SSEs by
mixing C-Ti>O3 powders into hierarchical-porous PVA hydrogels, and performed the indoor water collection
experiments under the simulated sunlight irradiation in laboratory condition®?. The hourly collection rates of
purified water under one sun irradiation and water cooling condition were measured to be ~1.3 kg m? h1
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without an assistance of air-flow, and ~3.0 kg m2 h'* with an appropriate air flux of ~40 mL min?,
respectively. Apparently, the introduction of airflow as a carrier gas has played a vital role in reducing the
relative humidity within the vapor generation chamber, thereby benefiting for the water evaporation from the
3D-SSEs. Nevertheless, our current indoor water collection experiment, conducted in a closed environment
without recourse to air-flow, has achieved a record collection rate of purified water as high as ~3.19 kg m
h-1. We believe that this record would be further upgraded, as long as the strategy of air-flow is incorporated
into the structural design of 3D-SSEs for the vapor generation and condensation.

Besides, we performed the outdoor water collection experiments using the cylinder-shaped 3D-SSEs
with a conical cavity under natural sun irradiation. The conceptual design for the solar water desalination
system is shown in Fig. S5.12a. The solar water desalination system contains two major parts. One is the
evaporation subsystem of the solar vapor generation using the 3D-SSEs, and the other is the condensation
subsystem of generated vapors assisted with cooling water. Within the evaporation subsystem, a group of
sixty-three 3D-SSEs were inserted into the PE foam, floating on the 3.5 wt.% saline water in a container.
This container was supported by a platform with punched holes. Within the condensation subsystem, the
temperature of the cooling water was controlled to be about 10 €. The outdoor water collection experiments
were conducted on the campus of Northeastern University, Shenyang, China. The intensities of the natural
sunlight shined on the roof (made of transparent quartz glass) of the evaporation device and the yields of the
accumulated purified water were carefully traced during the day time from 07:30 to 17:30 (Fig. S5.12b). In
the meanwhile, we recorded the time-dependent temperatures of the 3D-SSEs, the cooling water and the
environment, as well as the humidities inside and outside the condenser (Fig. S5.12¢). As shown in Fig.
S5.12Db, the sunlight flux (black curve) varied from ~50 mW cm to ~90 mW c¢m for a sunny summer day
in Shenyang. The water collection rate (green curve) increased from 0 kg m2 h™* to 1.82 kg m2 h** during the
first one hour from 07:30 to 08:30, and reached the highest value of 2.82 kg m? h'* at 12:30. In average, the
hourly collection rate was ~2.22 kg m* h! under natural sun irradiation with a mean solar flux of ~78 mw
m2 for the duration of 10 hours. This average hourly collection rate of purified water is much higher than the
previously reported one, e.g., ~1.61 kg m? h* with a mean solar flux of ~70 mwW m-2 for a duration of 12
hours from 08:00 to 20:00%. It is even higher than the known record value of ~2.1 kg m2 h* with a higher
mean solar flux of ~84 mW m, achieved for a duration of 6 hours from 10:00 to 16:00, during which the
solar flux was the strongest®*. If we choose the same duration of 6 hours (e.g., from 09:30 to 15:30 in this
work) with a comparable mean solar flux of ~82 mW m, our average hourly collection rate of purified water
would be ~2.55 kg m h't, compared to the known record of ~2.1 kg m2 h'164,

Using the same experimental setup, we collected the purified water on seven days with different weather
conditions (Fig. S5.12d). Among them, three days were cloudy and four days were sunny. The average daily
yields of purified water under natural solar irradiation for a duration of 10 hours are ~14.3 L m for the three
cloudy days with a mean solar flux of ~47.0 mW m2, and ~21.7 L m for the four sunny days with a mean
solar flux of ~75.7 mW m2, respectively. This averaged water purification rate for sunny days with a mean
solar flux of ~75.7 mW m-2 is significantly higher than those reported data, e.g., 12.44 L m from 09:00 to
18:00 with a mean solar flux of ~74.8 mW m2 5, 16.6 L m2 from 07:30 to 17:00 with a mean solar flux of
~75 mW m266 ~15 L m2 from 08:00 to 20:00 with a mean solar flux of ~58 mW m2 ¢’ and 18 L m from
08:00 to 20:00 with a mean solar flux of ~70 mW m2 42,

Furthermore, the quality of the desalinated water was measured by inductively coupled plasma
spectroscopy (Hitachi Z2300 for Na* and K*; Perkinelmer Avio500 for Mg?* and Ca®*). Compared to the
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initial saline water, the salinity of the purified water was significantly decreased by approximately four orders
of the magnitude, that is about two orders of the magnitude lower than the drinking water standards defined
by the World Health Organization (WHO, 1%o) . Before the desalination, the concentrations of four main
ions Na*, K*, Mg?* and Ca?* were measured to be 10,4474851 mg L, 473421 mg L, 590460 mg L™ and
567470 mg/L, respectively. After the desalination, they were dramatically decreased to 6.841.2 mg L7,
1.3340.4 mg L, 0.240.03 mg L and 4.540.78 mg L%, respectively. The concentration of Na* ions in the
purified water is far below the drinkable water standard limit for Na* (200~250 mg L) defined by WHQO®8,
Note that there are no specific limits for K*, Mg?* and Ca?* in the WHO drinkable water standard, but they
should be as low as possible.
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Figure S5.12, Outdoor desalination performance of cylindrical 3D-SSEs with a conical cavity under natural
sunlight irradiation. a, Conceptual design and photographs of the solar water desalination system for salty
water purification. b, Variations of the solar flux, water collection rate and yield of purified water with day
time. c, Variations of the temperature and humidity (inside and outside the solar water desalination system)
with day time. d, Average daily solar fluxes and water collection rates for a duration of 10 hours on three
cloudy days and four sunny days.
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Section 6. Comparisons of 2D- and 3D-SSEs with known ones

In order to evaluate the evaporation performances of the present 2D- and 3D-SSE systems, we have
summarized the solar absorptivities, water evaporation rates, water vaporization enthalpies and solar-to-
steam efficiencies of a series of known evaporators published in the literature in Table S6.1.
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Table S6.1, A summary of dimensions, solar absorptivities, water evaporation rates, solar-to-steam efficiencies, and water vaporization enthalpies of a series of known
evaporators under one sun irradiation in literature.

Evaporation  Solar to steam

. . . Solar absorptivity . Enthalpy Publication
No. Material Dimension rate efficiency Ref.
(%) (kJ kg™ Year
(kg m?h™) (%)
A-Ti30s 2D 96.41 1.64 68.3 1696 Thi
is
1 PVA-A-Ti30s hydrogels
15 VT 3D 99.54 6.09 95.9 work
with open cavity
2 Ti>03 nanoparticles 2D 925 1.32 92.1 £3.2 Unknown 2017 6
Black TiOy
3 ) 2D 91.3 0.8 50.3 Unknown 2017 69
nanoparticles SS mesh
4 Al nanoparticles 2D 96 1.0 58 Unknown 2016 0

Flexible thin-film black
5 2D 91 0.67 42 Unknown 2015 n
gold membranes

6 H16sM0O3 with PDMS 2D 95 1.37 84.8 Unknown 2020 2
7 MXene-PVDF 2D ~90 ~0.8 84 Unknown 2017 &
8 PVA-Ti,03 hydrogels 3D 4.0 93 1100 2020 64
1553 (DSC)
Light absorbing sponge- 924
9 J . 9 spong 3D 3.6 90 ) 2019 62
like hydrogel (equivalent
enthalpy)
. 905
Ti3CoTx MXene/rGO .
3D 95 3.62 91 (equivalent 2021 “
hydrogel
enthalpy)
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Biomass-derived hybrid

11 3D 3.2 90 1015 2020 60
hydrogel
PVA-PPy hierarchically
12 3D 3.2 94 1702 2018 42
nanostructured gel
13 PVA-PPy gel micro tree 3D 3.64 2021 »
Interpenetrating polymer
14 P 9Py 3D 3.9 92 860 2020 o1
networks
15 PVA-rGO hydrogel 3D 25 95 Unknown 2018 7
Vertically aligned 93% UV
16 graphene sheets 3D 98% Vis 1.62 86 2017 v
membrane 100% NIR
17 Anti-bacterial hydrogels 3D 3.4 91 952 2021 &
18 PPy (origamis) 3D 2.12 91.5 Unknown 2019 &
PVA-PVDF membrane
19 3D 99.2 1.70 93.8 Unknown 2018 8
(cone)
20 ITO-MS-PPy 3D 1.12 70.3 Unknown 2020 81
. 1956.32
21 PAN@CuS fabrics 3D 91.1 2.27 83.9 (T6) 2021 66
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