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1.- Plasma etching process and setup

The hydrogen etching process is based on the exposure of the target sample (in our case, rutile 

TiO2 (110) single crystals) to a hydrogen plasma at a certain temperature. This plasma will be 

formed by both atomic and molecular hydrogen species (as well as ionized species) in an 

approximate ratio of 1:10.1 The former, which will interact with the atomic species on the surface 

(mainly oxygen atoms), will be responsible for the surface etching, reduction and hydrogenation.

Figure S1 shows a schematic diagram that explains the hydrogen plasma etching process. The 

whole protocol comprises three steps. In the preliminary step, the chamber is evacuated to a 

pressure of 7 x 10-5 mbar and subsequently filled with H2 until a partial pressure of 5.4 x 10-2 mbar 

is reached. Then, the sample temperature is gradually increased, a step that usually takes around 

40 min. Once the final temperature and H2 pressure are achieved, we initiate the second step of the 

process: the reaction step. During this phase, the hot sample is exposed to a hydrogen plasma over 

a variable time, depending on the desired etching level. Once the desired time has been completed, 

the plasma is switched off and the sample is allowed to cool to RT in the H2 atmosphere (cooling 

step). Finally, once the sample has reached RT, the H2 is evacuated. This etching process was 

undertaken for a full set of samples using different annealing temperatures (500, 730, and 950 K) 

and etching times (1, 30, 60, and 180 min).

Figure S1.- Schematic representation of the plasma-etching process showing the three steps involved.



S4

2.- Estimation of the optical band gap from Kubelka-Munk analysis.

It is possible to extract an estimation of the optical band gap of a semiconductor from diffuse 

reflectance measurements via a Tauc plot of the Kubelka-Munk function.2,3 However, the value 

of the band gap obtained through this approach has to be considered with caution in those 

modified semiconductors where the absorption is due to new ingap states. As this is our case, we 

use this approach just to get a flavour on the effect of H-induced reduction on the gap of the 

material. Figure S2 shows the Tauc plots for the different samples analyzed in Figure 1b. As it 

can be observed, the region to be fitted is only well-defined in those samples with the lower level 

of reduction (S5-S7). On the contrary, those heavily reduced are difficult to fit. We have tried to 

get an estimate carrying out a fit in a similar energy range as that used in the other samples, 

although the values extracted are very speculative and with a high error.

Figure S2.- Tauc plots of the Kubelka-Munk function for the different samples analyzed. a) Reference pristine TiO2, 

b) S1, c) S2, d) S3, e) S4, f) S5, g) S6 and h) S7. Dashed lines denote the fit carried to estimate the band gap.
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 From this analysis, we extract the following band gaps:

Ref. S1 S2 S3 S4 S5 S6 S7

Band gap 

[eV]

2.9 ± 

0.1

0.9 ± 

0.3

0.8 ± 

0.3

0.9 ± 

0.3

0.8 ± 

0.3

2.8 ± 

0.1

2.8 ± 

0.1

2.7 ± 

0.1
Table I.- Extracted band gap values.

Thus, we can define two clear regimes: i) samples with low reduction level, i.e. mainly 

superficial (S5-S7), are slightly affected in their band gap (with band gap reductions in the order 

of 3 – 7 %), as already inferred from XPS results, ii) heavily reduced samples (S1-S4) present 

much lower band gaps, in all cases below 1 eV (band gap reductions in the order of 70 %).

3.- Hydrogen Evolution Reaction (HER).

To determine the stability of the etched photoelectrodes during the HER, the current density was 

monitored during the 40 min of illumination, showing an adequate stability that was manifested 

as a relatively constant photocurrent during the whole reaction (Figure S3).

Figure S3.- Photoelectrode stability observed via the current density during a 40 min illumination.
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4.- XPS analysis and peak deconvolution.

Figures S4, S5 and S6 present the deconvolution of the Ti 2p, C 1s and N 1s core level XPS spectra 

of the plasma-etched samples S5, S7, S4, S3, and S1, respectively. In the case of Ti 2p, to properly 

fit the spectrum for each condition, four doublets were needed, which correspond to Ti4+ (459.3 

eV, blue curve), Ti3+ (~ 457.7 eV, green curve), and Ti2+ (~ 456.4 eV, pink curve). We associate 

the fourth component (~ 455.5 eV, gold curve) to TiN and TiOxNy species appearing upon 

exposure of etched samples to air due to transportation from the plasma to the UHV chamber. 

Thus, each oxidation state exhibits two peaks, i.e. a doublet, formed by the Ti 2p3/2 and 2p1/2 

signals, which are separated by the Ti 2p spin-orbit splitting, 5.6 eV.

Figure S4.- XPS fits of the Ti 2p core level of the different plasma-etched samples. a) Sample S5, b) sample S7, c) 

sample S4, d) sample S3, and e) sample S1.
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Table II.- Fitting parameters Ti 2p core level of S5

Table III.- Fitting parameters Ti 2p core level of S7

Table IV.- Fitting parameters Ti 2p core level of S4

Table V.- Fitting parameters Ti 2p core level of S3
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Table VI.- Fitting parameters Ti 2p core level of S1

In the case of C 1s, two to four components where necessary to fit the curve. The two common 

peaks appear at around 286 and 290 eV, which are associated to C-O and C=O contaminants as a 

consequence of carbon interaction with the surface oxygen. For heavier reduction levels (S1, S3 

and S4), a new component develops at  284.8 eV, which is characteristic of adventitious carbon. 

Finally, for the heavily reduced S1 sample, a fourth component at 282.5 eV appears. This 

component has been assigned to carbide species with Ti atoms from the sample.4 This result 

corroborates the high reduction of such samples where Ti atoms become available to interact 

with the surrounding media when exposed to air.
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Figure S5.- XPS fits of the C 1s core level of the different plasma-etched samples. a) Sample S5, b) sample S7, c) 

sample S4, d) sample S3, and e) sample S1.

Table VII.- Fitting parameters C 1s core level of S5
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Table VIII.- Fitting parameters C 1s core level of S7

Table IX.- Fitting parameters C 1s core level of S4

Table X.- Fitting parameters C 1s core level of S3

Table XI.- Fitting parameters C 1s core level of S1

Finally, the N 1s core level emissions can be fitted with up to three components, once more 

depending on the reduction level of the samples. For those mildly reduced (S5 and S7), no 

nitrogen is observed in our experimental setup. Just for S7 a component at around 397 eV seems 
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to start to develop. These results indicate that superficial, mild reduction of the surface is not 

enough to form nitrogen-based species on the surface. However, when the reduction is 

substantially increased (S1, S3 and S4), three components appear at around 397.2, 396.5 and 399 

eV. The former two are assigned to different TiNx species as a consequence of the interaction of 

interstitial Ti, formed upon reduction, with atmospheric N, while the one at higher BE is 

assigned to TiNxOy species, as indicated in the main text.

Figure S6.- XPS fits of the N 1s core level of the different plasma-etched samples. a) Sample S5, b) sample S7, c) 

sample S4, d) sample S3, and e) sample S1.

Table XII.- Fitting parameters N 1s core level of S4
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Table XIII.- Fitting parameters N 1s core level of S3

Table XIV.- Fitting parameters N 1s core level of S1

5.- AFM characterization

The surface roughness (RMS) determined by ex-situ AFM shows important differences after 

plasma treatment between selected S5, S7, and S3 samples (Figures S7 a-d). S5 presents an RMS 

roughness value of approximately 0.2 nm, indicating a very low etching of the surface, slightly 

higher than that observed for the pristine TiO2 surface (0.7 Å), in good agreement with the XPS 

spectrum shown above. However, increasing the reduction temperature has a dramatic effect on 

the surface rugosity, growing by a factor of ~10 for each superior temperature, to 2.3 nm for S7 

(730 K) and 23 nm for S3 (950 K). Thus, there is a clear relation between superficial restructuration 

induced by the plasma etching and the appearance of reduced Ti species in XPS, indicating that 

the hydrogen plasma etching, which includes atomic and molecular hydrogen, removes atomic 

species from the surface.
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Figure S7.- Topography AFM images of the rutile TiO2 (110) samples after different plasma etching processes. a) 

Pristine TiO2 sample, as reference. b) S5: 500 K, 30 min. c) S7: 730 K, 30 min. d) S3: 950 K, 30 min.

6.- STEM-EELS characterization

STEM-EELS measurements of the cross-section of highly reduced samples (S3, 950 K, 30 min) 

corroborate this deep sample etching, as observed in Figure S8a, where the etching extends 

approximately 180 nm into the sample. Furthermore, it is possible to observe bright rows that run 

along the [001] surface direction (yellow arrows), indicating a preferential etching direction. As 

shown below, this result is in excellent agreement with the model STM characterization carried 

out, where the formation of linear structures along this direction is observed. In addition, atomic 

distribution concentration, acquired in an EELS line-scan taken along the surface normal (green 

line in Figure S8a), shows that around 150 nm the Ti/O ratio starts increasing as the scan 

approaches the surface (Figure S8b). This variation is due to the abovementioned removal of 

oxygen atoms by the hydrogen plasma and the diffusion of Ti atoms, indicating a strong 
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perturbation of the bulk stoichiometry under severe annealing treatment. This is more evident at 

the topmost layers, where an inversion in the concentration of O and Ti occurs (see the brighter 

line marked by the red arrow in both panels of Figure S8). As it is well known, defects in the form 

of reduced Ti species as a consequence of surface reduction and restructuration yields the 

appearance of new in-gap states and a subsequent progressive decrease of the bandgap,5 which can 

explain the increase of the light absorption in the visible and near-infrared regions, as shown in 

Figure 1.

Figure S8.- a) High angle annular dark-field STEM image of the cross-section of a plasma sample etched at 950 K 

for 30 min. The red arrow indicates the bright surface region where the Ti/O ratio inverts, quantifiyed from the O K 

and Ti L2,3 edges. Yellow arrows indicate the preferential etching along the [001] surface direction. b) Relative Ti/O 

concentration profiles obtained from an EELS line scan acquired along the green line marked in (a). 

7.- Analysis of the corrugation of clean and etched surfaces under UHV conditions.

Figure S9 shows the STM images and corresponding profiles taken along the TiO2 surface before a) and 

after (b) and c) the atomic hydrogen etching. Specifically, two different etching conditions were used. In 

panel b), the surface has been etched at 500 K, while in panel c) TiO2 has been annealed at 600 K during 

the exposure. In both cases, the etching has lasted 30 min. The profile of the clean surface before etching 

presents an average corrugation of approximately 0.5 Å. However, a clear increase in the surface 

corrugation is observed upon exposure to H at 500 K, passing from 0.5 to 2.0 Å (panel b)). This effect is 

even more pronounced if the temperature of the sample is raised to 600 K during the attack, with an average 

corrugation of 4.0 Å (panel c)). This increase in the surface corrugation indicates that at 500 K, mainly Obr 

atoms and some in-plane O and Ti atoms are removed from the surface, as the corrugation is lower than the 



S15

3.2 Å step height of the TiO2 (110) surface. On the other hand, when the temperature is increased to 600 K, 

the etching is stronger and more layers of O and Ti atoms are involved, with Ob atoms desorbing as H2Ob 

and remaining undercoordinated atoms diffusing into the bulk to occupy interstitial positions. In this way, 

the surface etching can be efficiently controlled by varying the sample temperature and H dose during the 

process, as shown below.

Figure S9.- STM images and corresponding STM profiles of the TiO2 (110) surface before and after the H-etching process for two 

different sample temperatures. a) Clean surface before etching. A corrugation of 0.5 Å is observed. STM parameters: (35 nm × 35 

nm), I = 36 pA, V = 1.5 V. b) Surface after 30 min H-etching at 500 K. STM parameters: (35 nm × 35 nm), I = 35 pA, V = 1.5 V. 

c) Surface after 30 min H-etching at 600 K. STM parameters: (50 nm × 50 nm), I = 35 pA, V = 1.5 V. Note that same experimental 

STM parameters were used to avoid voltage/current dependent effects.

8.- Evolution of the TiO2 surface with atomic hydrogen dose.

Figure S10 presents a series of STM images acquired on the TiO2 surface after six different etching times. 

It must be noted that in all cases both the substrate temperature and the hydrogen partial pressure at the exit 

of the hydrogen cracker were kept constant at 500 K and ~ 10-4 mbar, respectively, while the dose has been 

controlled by properly tuning the duration of the exposure. To obtain a more complete picture of the process, 

the exposure time was varied from 1 min, to study the initial etching stages, up to 30 min, to achieve a high 

degree of surface modification. In the low exposure regime (1 min exposure, Figure S10 a), short elongated 

trenches appear homogeneously distributed along the surface. The fact that there is a preference for the 

growth of the already available trenches instead of increasing their number indicates that the etching process 
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proceeds more easily in previously etched areas, most probably because those surface atoms are more 

exposed to the incoming atomic hydrogen and are more reactive due to their lower coordination. It is highly 

probable that the etching starts at defective surface sites, i.e. at undercoordinated surface atoms such as 

Ovac. As the exposure time is gradually increased, an increase both in the number of trenches and in their 

size is observed, with a concomitant decrease in the area of (1×1) surface regions (Figures S10 b-e). This 

is most evident after 10 min exposure (Figure S10 e), where the surface is densely covered by trenches with 

only small patches of the (1×1) structure that are homogeneously scattered over the surface. Finally, after 

30 min exposure (Figure S10 f), the surface is completely modified and almost no (1×1) patches can be 

found.

Figure S10.- Evolution of surface topography with atomic hydrogen exposure. a) Surface after 1 min exposure at 500 K. STM 

parameters: (15 nm × 15 nm), I = 52 pA, V = 1.5 V. b) Surface after 1.5 min exposure at 500 K. STM parameters: ( 75 nm × 75 

nm), I = 36 pA, V = 1.5 V. c) Surface after 2 min exposure at 500 K. STM parameters: (15 nm × 15 nm), I = 77 pA, V = 1.5 V. d) 

Surface after 3 min exposure at 500 K. STM parameters: (50 nm × 50 nm), I = 36 pA, V = 1.5 V. e) Surface after 10 min exposure 

at 500 K. STM parameters: (75 nm × 75 nm), I = 35 pA, V = 1.5 V. f) Surface after 30 min exposure at 500 K. STM parameters: 

(75 nm × 75 nm), I = 122 pA, V = 1.5 V.
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9.- Simulated STM images of the etched surface

As already introduced in Figure 3, at low hydrogen doses it is possible to discern some individual bright 

features located at the expected position of the Ti5c atoms that we have assigned to undercoordinated Ti 

atoms. To further support our hypothesis, the corresponding STM images have been theoretically simulated 

(Figure S11). Panel ii) presents the simulated STM image for a heavily etched surface, where the Obr and 

even the in-plane O atoms have been removed. It is possible to observe the presence of bright features at 

the position of the undercoordinated Ti atom (blue rectangle). Additionally, the bright rows appear wider 

in comparison with those on the pristine surface – see simulated STM image in Fig. S11 i) – due to the 

lower coordination of the previously Ti6c atoms – see the green rectangle in Fig. S11 ii). This is in good 

agreement with the experimental observations in which isolated bright features inside the trenches are 

observed by STM, thus further corroborating our assignation to highly undercoordinated Ti atoms (see 

Figure 3).

Figure S11.- Theoretical STM images (V = +1.5 V) obtained for a clean rutile TiO2(110)-(1×1) surface (i), and for the reduced 

surface (ii). For the sake of clarity, side views of the surface are shown to indicate the correspondence between STM-image regions 

and atoms.
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10.- Evolution of the TiO2 surface with sample temperature during atomic hydrogen dose.

To experimentally confirm the existence of a non-negligible barrier in the H-induced etching of TiO2, STM 

measurements after H exposure at different temperatures were performed. A summary of the results can be 

found in Figure S12, where a hydrogen pressure of ~ 10-4 mbar at the cracker exit and an exposure time of 

30 min was used. If the substrate temperature is kept at 330 K, no modification of the surface structure can 

be observed, except for the appearance of bright patches that are associated with adsorbed H atoms (Figure 

S12 a). If the surface temperature is increased to 425 K, a similar situation is observed, where the (1×1) 

surface structure can still be distinguished under the bright, diffuse patches assigned to adsorbed H (Figure 

S12 b). However, some small, dark patches start becoming evident, which are attributed to the initial stages 

of the surface etching. If that were the case, their number should significantly increase upon a small 

increment of the sample temperature. Figure S12 c shows the TiO2 surface upon exposure at 500 K. As 

already shown in Figure 3, the surface appears completely distorted with an average corrugation of 2 Å 

(Figure S9 b), thus supporting our assumption for 425 K. Finally, increasing the sample temperature to 600 

K (Figure S12 d) further confirms the complete restructuration of the surface geometry and a stronger 

corrugation (4 Å, see Figure S9 c). Thus, these experimental findings corroborate the existence of a non-

negligible energy barrier in the process with a threshold temperature in the order of 500 K. 

Figure S12.- Evolution of surface topography with sample temperature during etching. a) Exposure to H at 330 K. STM parameters: 

(100 nm × 100 nm), I = 35 pA, V = 1.5 V. b) Exposure to H at 425 K. STM parameters: (100 nm × 100 nm), I = 47 pA, V = 1.5 V. 

c) Exposure to H at 500 K. STM parameters: (100 nm × 100 nm), I = 122 pA, V = 1.5 V. d) Exposure to H at 615 K. STM 

parameters: (100 nm × 100 nm), I = 35 pA, V = 1.5 V.

11. Electrochemical Impedance Spectroscopy 

Figure S13 shows the equivalent electrical circuit obtained by fitting the Nyquist plots with a 

Randles circuit.
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Figure S13.- Equivalent electrical circuit obtained by fitting the Nyquist plots with a Randles circuit.

The values of RS, RCT, and CCT obtained are shown in Table XV.

Table XV: Resistance and Capacitance values obtained through fitting the EIS data with different 

equivalent circuits used

Sample S7 S5 S4 S3 S1

Dark Light Dark Light Dark Light Dark Light Dark Light

Rs / ±5Ω 101 100 75 80 81 65 70 60 80 90

Cbulk / F
2.17E-

06

1.84E-

06

3.50E-

06

6.70E-

07

5.95E-

06

5.87E-

06

4.20E-

05

2.28E-

05

4.21E-

05

1.53E-

05

Rbulk/ ±50Ω 14216 5380 13070 2519 20100 2609 37800 4135 119000 36080

12.  Theoretical methods and models.

For the ab-initio structural optimizations and theoretical STM-imaging simulations of the clean and reduced 

TiO2 (110) surfaces, Density Functional Theory (DFT) was used effectively combining the plane-wave and 

the localized-basis-set schemes as implemented in the QUANTUM ESPRESSO6 and FIREBALL7 

simulation packages, respectively.

For the plane-wave code QUANTUM ESPRESSO,6 one-electron wave-functions were expanded in a basis 

of plane-waves, with energy cut-offs of 450 and 550 eV for the kinetic energy and for the electronic density, 

respectively, which were adjusted to achieve sufficient accuracy in the total energy. The exchange-

correlation (XC) effects were accounted by using the generalized-gradient PBE parametrization8 and 

ultrasoft pseudopotentials9 were considered to model the ion-electron interaction. In the calculations, 
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Brillouin zones (BZ) were sampled by means of an optimal [8×4×1] Monkhorst-Pack grid, guaranteeing a 

full convergence in energy and electronic density.

The localized-basis-set code FIREBALL7 is based on a local-orbital formulation of DFT, in which 

consistency is implemented on the orbital occupation numbers.11,12 These orbital occupation numbers have 

been obtained using the orthonormal Löwdin orbitals.7,12–14 We have used a basis set of optimized sp3d5 

numerical atomic orbitals (NAOs) for Ti atoms and sp3s*p3* for O atoms,15 with the following cutoff radii 

(in a.u.): s=6.2, p=6.7 and d=5.7 (Ti), and s=s*=3.4 and p=p*=3.8 (O).16 For these calculations, we have 

used the local density approximation (LDA) functional,14 while the ion–electron interaction has been 

modeled by means of norm-conserving scalar-relativistic pseudopotentials.17 

Once the electronic structure has been adequately established on the basis of the geometrical surface 

configurations obtained from plane-waves, theoretical STM calculations have been performed to be 

compared with the experimental evidence. To obtain accurate STM images and tunneling currents, we have 

used an efficient STM theoretical simulation technique implemented in the FIREBALL code that includes 

a detailed description of the electronic properties of both the tip and the sample simultaneously. Using this 

technique, based on a combination of a Keldysh Green’s function formalism and local orbital density 

functional theory (DFT),10,18 we split the system into sample and tip, where the samples here are the 

different surfaces considered. In these calculations, we have simulated the STM images using a W-tip 

formed by 5 atoms (one of them at the apex) attached to an extended W(100)-crystal. Within this approach, 

the STM current is given by the following expression in the tunneling regime at low temperature:10,18

,𝐼 =
4𝜋𝑒2

ℏ ∫𝐸𝐹 + 𝑒𝑉𝑆

𝐸𝐹
𝑑𝜔𝑇𝑟[𝑇𝑡𝑠𝜌𝑠𝑠(𝜔)𝑇𝑠𝑡𝜌𝑡𝑡(𝜔 ― 𝑒𝑉𝑆)]

where Vs is the surface voltage, EF is the Fermi energy, ρtt and ρss are the density of states (DOS) matrices 

– in the local orbital basis – associated with the tip and sample, whilst Tts and Tst are the local orbital 

Hamiltonian matrices coupling tip and sample. The overlapping Hamiltonian (hoppings) is obtained by 

using a dimer approximation: a dimer formed by one W atom (corresponding to the tip) and another O and 

Ti atom (coming from the sample) is calculated for different atom–atom distances and for all the non-zero 

interactions, using the Keldish-Green formalism to propagate the tunneling current between both 

subsystems. All the theoretical STM images have been obtained at constant-current scanning conditions – 

as an authentic in silico experiment – moving the W-tip perpendicularly to the sample in each scanning 
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stage to search a pre-selected fix value of the tunneling current to mimic experimental procedure. Among 

other factors, given the “electronic flexibility” and extended nature of the spd and ss*pp* optimized for Ti 

and O atoms, respectively, this theoretical approach has provided excellent results in recent years, as 

compared with experiments, in a large variety of related literature by our group in pristine, defective and 

reduced TiO2 surfaces.16,19–21 

The clean TiO2 (110)-(1×1) surface and its reduced stage were modelled in a repeated slab geometry with: 

(i) a slab of five physical TiO2(110) layers with a minimum distance >25 Å of vacuum between 

neighbouring cells along the axis perpendicular to the surface; as well as (ii) full periodic boundary 

conditions representing infinite TiO2(110) surfaces. In all cases, the obtained size for the unit cell in the 

direction parallel to the surface after full lattice optimization is (5.95×13.20) Å2. For the full geometry 

optimizations only the three bottom TiO2 physical layers were kept fixed in the calculations, in such a way 

that all the non-fixed atoms were free to move up to achieve residual forces lower than 0.01 eV Å-1 with 

net cell-stresses < 0.05 GPa. 

 Present address: † G.S-S.: Departamento de Física de Materiales & Instituto Pluridisciplinar, 

Universidad Complutense de Madrid, 28040 Madrid (Spain)
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