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DFT 1. Enthalpies of Co(OH): and CoS; oxidation.
We have calculated enthalpies of two further reactions:

6 Co(OH)2 + O2 — 2 Co0304 + 6 H20 (1)

3C0S2+202— Co304+3 32 (2)
The equations above correspond with realistic pathways for transformation of Co(OH)2 and
CoS: in the presence of oxygen during TiO2 deposition. The values of the enthalpies were
calculated as the differences of the sums of total energies of products and reactants.
DFT 2. Formation energies of Co-defects.

For all considered titanium dioxide hosts (i.e. d-TiO2, a-TiOx, and TiOz2), we explored

incorporation of cobalt impurities from different sources (i.e. Co304, Co(OH)2, CoS2) as further

reactions:
C0304 + host + 3/4vo — host + 3Co 3)
Co(OH)2 + host + vo — host + Co + H20 4)
CoS:2 + host — host + Co + S (5)

Decomposition of Co304 and Co(OH): is considered as corresponding with the healing of the

oxygen vacancies (vo) in bulk TiOx.

DFT 3. Modified model of the Volmer step.

In contrast to the HER in acidic media, where the process 2H" +2e~ — H2z can be described
through a combination of Volmer-Heyrovsky or Volmer-Tafel steps, in alkaline media the
process is more complicated. The overall reaction can be described by the further equation:

2 H,0 +2e¢"— H2+2 OH™ (6)

Usually, reaction (1) is discussed as two steps. The first step is the decomposition of water with
adsorption of hydrogen on a catalytic substrate (s1)

H20 — s1-H" + OH™ (7
and the second step is the Heyrovsky or Tafel reaction, as in the case of HER in acidic media.
The main disadvantage of the proposed reaction pathway is the high energy cost of the
formation of free OH™. The overall energy cost of reaction (6) can be decreased by the large

negative enthalpy of formation of the s1-H" structure, but in this case desorption of hydrogen
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will be energetically unfavorable. In our recent work, we proposed alternative scenarios for the
reaction, described in equation (7):!

H20 — s1-H" +s1-OH™ (8) or

H20 — s1-H" + s2-OH, (8”)
where s2 is another catalytic substrate (co-catalyst). In scenarios proposed in equations 8” and
8", the energy cost for the formation of free OH™ is decreased by the intermediate adsorption

of the hydroxyl group on the surface of the catalyst or co-catalyst.
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Table S1. Comparison of the binding energies of metals in HER electrocatalysts to those of

zero valence state and those in the oxide.

onmetal  Zero Boride Carbide  Nitride Phosphide  Sulfide  Selenide Oxide
Metal valence

Mo Mo? MoB? MoC* MoN*  MoP? MoS:*  MoSe2’  MoOs®
3d5/2 2274 227.7 227.7 228.9 228.8 228.6 228.6 2322
W w? WB!0 wcH WN!2 WPp13 WS4 WSe2"? WO0s'6
4£7/2 30.7 31.56 314 31.9 31.5 31.8 32.1 34.7
Fe Fe!7 FeB,!'® FesC" FeaN?0 FeP?! FeS:?2  FeSex?®  Fea03*
2p3/2 706.5 707.1 706.9 707.1 707.2 707.0 706.64 709.9
Co Co» Co2B* CosC" CoN?’ CoP?8 CoS2?  CoSex®®  CoO?!
2p3/2 777.8 778.5 778.4 779.0 778.6 778.8 778.4 780.2
Ni Ni32 NiB,*3 NizC" NizN34 Nii2Ps3 NiS23 NiSe>»¥7  NiO3*
2p3/2 852.0 852.8 853.3 853.1 853.1 852.9 853.3 854.4

The second column of Table S1 shows the binding energies of zero valence species of metal,
and the last column shows the binding energies of metal species in the oxide. The data in
columns 3 to 8 comes from the references that introduced the HER activity of the corresponding

compound.

The chemical shifts of metal species in the HER electrocatalysts, e.g. borides (column 3),
carbides (column 4), nitrides (column 5), phosphides (column 6), sulfides (column 7), and
selenides (column 8), are in the range 0.3 ~ 1.3 eV. while those in the corresponding oxides are
much larger (3 ~ 5 eV). It is therefore suggested that the metal species in these HER

electrocatalysts are partially charged.
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Figure S1. SEM images of (a,b) Co304, (c,d) TiO2@Co0304, (e,f) Co(OH)2, (g,h)
TiO2@Co(OH)2, (i,j) CoSz, and (k,l) TiO2@CoSo.
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Figure S2. XRD patterns of (a) Co304 and TiO2@Co0304, (b) Co(OH)2 and TiO2@Co(OH)z,

2Theta (degree)

and (c) CoS:z and TiO2@CoS>.
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Figure S3. (a) High magnification TEM image and corresponding FFT pattern (inset) of

Co(OH)2. (b) Radial intensity profile of the FFT pattern.
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Figure S4. (a) TEM image of the TiO2 coating on the surface of Co30O4. The rectangle encloses
a TiO2 region. (b) FFT pattern of a region enclosed by the square in (a). (c) Radial intensity

profile of FFT patterns in (b).
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Figure S5. STEM images and corresponding EDS mapping of (a) TiO2@Co30s4, (b)
TiO2@Co(OH)2, and (c¢) TiO2@CoSa.
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Figure S6. LSV curves of (a) pristine Co304, (¢) TiO2@C0304(25), (e) TiO2@Co0304(63), and
(g) TiO2@Co0304(125). Variation of 720 with the number of LSV scans corresponding to (b)
pristine Co304, (e) TiO2@Co0304(25), (f) TiO2@Co0304(63), and (h) TiO2@Co0304(125). The

number in the brackets following the name of the compounds is the ALD deposition cycle

number.
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Figure S7. Activation process for Co(OH)2, TiO2@Co(OH)2(20), TiO2@Co(OH)2(40), and

TiO2@Co(OH)2(80). The number in the brackets following the name of compounds is the

ALD deposition cycle number.
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Figure S8. LSV curves of (a) pristine CoSz, (¢) TiO2@CoS2(25), (e) TiO2@CoS2(63), and (g)
TiO2@CoS2(125). Variation of 20 with the number of LSV scans corresponding to (b) pristine
CoS2, (d) TiO2@CoS2(25), (f) TiO2@CoS2(63), and (h) TiO2@CoS2(125). The number in the

brackets following the name of compounds is the ALD deposition cycle number.
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Table S2. Performance of typical reported HER electrocatalysts in alkaline media.

320 Tafel slope Counter
Catalysts Electrolyte
(mV) (mV dec!) electrode
TiO,@Co304 (this work) 49 79 1M KOH Graphite rod
CoP/NiCoP/NC? 120 64 1M KOH Graphite rod
CoP-InNC@CNT? 188 56 1M KOH Graphite rod
Co-Fe-P* 110 66 1M KOH Graphite rod
CoFe-PBA NS@NF-24* 100 66 IM KOH Carbon rod
Co@N-CS/N-boHCP@CC* 101 65 IM KOH Carbon rod
VN/Co-NC* 64 51 IM KOH Graphite rod
Co@N-CNTs@rGO% 151 55 IM KOH carbon rod
Co-B/Nj* 185 68 IM KOH carbon rod
CoFeZr Oxides on NF*/ 120 119.3 IM KOH graphite rod
Z1030C02.70S4* 101 47.5 IM KOH graphite rod
NiCoP/rGO* 250 124.1 1M KOH Pt wire
CoP NW* 330 105 1M KOH Au foil
Co/NBC-900°"! 160 146 IM KOH graphite rod
CoP/Co-MOF?** 52 56 1M KOH carbon rod
Co@CNF-700° 260 96 1M KOH graphic rod
Co-MoSy/BCCF-21%* 65 52 IM KOH carbon fiber cloth
Co/C0304” 129 44 1M KOH Pt wire
Co-N-Mo0O,** 338 126.8 0.1IM KOH carbon rod
CoP/CCY’ 59 42.6 IM KOH graphite rod
Co-P/NC® 212 51 IM KOH Pt wire
Co/CoySs@SNGS1000°° 370 96.1 0.IM KOH platinum wire
PtSA—Co(OH)@Ag NW*® 49 115.8 1M KOH graphite sheet
2D-MoS,/Co(OH),®! 130 76 1M KOH Graphite Rod
Mo-NiP,/NiS, 110 73 1M KOH carbon rod
PdPtCuNiP HEMG® 52 37.4 IM KOH graphite rod
CoNi-inf® 110 57 1M KOH graphite rod
Mo-Ni3Sy/NiP,/NF® 128 68.4 1M KOH graphite rod
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Figure S9. Tafel plot of TiO2@Co304(E), TiO2@Co(OH)2(E), TiO2@CoS2(E), and Pt/C.
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Figure S10. (a) Nyquist plot of the EIS spectra of comparative samples. (b) Comparison of Ret
of comparative samples. Inset in (a) shows the equivalent circuit used for the data fitting of EIS
spectra. Rs is the overall series resistance, CPE1 and R1 are the constant phase element and
resistance describing electron transport at GCE/electrocatalyst interface, respectively, CPEq is

the constant phase element of the electrocatalyst/electrolyte interface, and Ret is the charge

transfer resistance at electrocatalyst/electrolyte interface.
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Table S3. Values of equivalent circuit elements resulted from fitting of EIS data.

Sample Ry Qa na R O ny R,
() (FS™) () (FS™h (€2)
Co304(E) 2.873 1.357E-4 0.8377 5540 1.438E-7 0.9747 7.783
TiOx@ Co0304(E) 2.992 7.743E-4 0.8276 173 7.963E-7 0.8653 6.053
CoS2(E) 1.907 2.6E-3 0.9401 1161 2.787E-7 1 5.322
TiO2@CoS(E) 2.457 4.2E-3 0.9286 1831 9.834E-7 09125 4.566
Co(OH)2(E) 1.872 4.333E-5 0.9325 2124 2.624E-7 0.9999 7.488
TiO,@Co(OH)(E) 2.512 1.44E-4 09236 1414 9.01E-7 09379 3274
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Figure S11. SEM images of measured samples: (a,b) Co304(E), (c,d) TiO2@Co304(E), (e,f)
Co(OH)2(E), (g,h) TiO2@Co(OH)2(E), (i,j) CoS2(E), and (k,1) TiO2@CoS2(E).
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Figure S12. XRD of (a) TiO2@Co304 and TiO2@Co0304(E), (b) TiO2@Co(OH): and
TiO2@Co(OH)2(E), and (¢) TiO2@CoS2 and TiO2@CoS2(E). It is worth noting that the XRD

patterns of TiO2@Co0304, TiO2@Co(OH)2, and TiO2@CoS:2 in Figure S12 are the same as that

of corresponding samples in Figure S1. They are shown here again for the convenience of

comparison.

S18



1i0,@Co,0,

458.9eV

464.5¢V

Ti0,@Co(OH),

458.4cV

TiO, @08,

458.5¢V |
i 464.2eV

1i0,@Co,0,(K)
/A

4575ev F

Intensity (a.0n.)

463.2e¢Y

10,7 Co(OH),(E)

TiOECo8,(E)

464 456 458 460 462 164

464 4é6 458 4(‘50 4(‘52 4!‘34
Binding Energy (eV)

Figure S13. Ti 2p XPS spectra of TiO2@Co0304, TiO2@Co304(E), TiO2@Co(OH)2,
TiO2@Co(OH)2(E), TiO2@CoS2, and TiO2@CoS2(E).
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Figure S14. O 1s window XPS spectra for (a) Co304 and Co304(E), and (b) TiO2@Co030s4,
and TiO2@Co0304(E). The grey lines are experimental results, and the red lines are fitting

envelopes. The filled peaks are fitting results.
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Figure S15. Optimized atomic structure of (a) the supercells of d-TiO2 with a substitutional
cobalt impurity, (b) (001) supercell of TiO2 with a pair of substitutional and interstitial cobalt
impurities and without oxygen vacancies, and (c) the same surface of a-TiOx with an interstitial

cobalt impurity.
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Table S4. Formation energies (in eV/Co) of realistic configurations of Co-defects in different

titania hosts calculated for different sources of cobalt.

Source of Co Co-defects Host
configuration ] ] ]

d-TiO2 TiO2 a-TiOx

Co0304 Cori +7.89 +4.03 +2.43
CoritCoi +2.66 +2.24 +1.96

Coi +1.77 +1.65 +1.22

Co(OH)2 Cori +5.99 +2.13 +0.53
CoritCoi +0.76 +0.34 +0.06

Coi -0.13 -0.25 -0.68

CoS2 Cori +1.87 -1.99 -3.59
Cori+Coi -3.36 -3.78 -4.06

Coi -4.25 -4.37 -4.80
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Table S5. Calculated enthalpies of the water decomposition processes described in equation 1,
desorption of hydroxyl group from the surface of catalyst or co-catalyst to liquid media (eq. 2)
and Tafel reaction (eq. 3), denoted as Ei1, E2, and Er, respectively, for the various considered

defects.

Row Host  Configuration of Ei, eV/H20 Ez2, eV/OH" Et, eV/H2
Co-defects in
Ti02 matrixes

1 Co0304 without TiO2 +1.92 -1.15 -0.76
C0304-x +2.09 -1.49 -0.24

2 d-TiO2 undoped -0.58 +1.49 +2.08
+Cori +3.04 +0.38 -2.66

+CortitCoi +3.17 -0.95 -3.90

+Coi +3.58 -2.56 -4.14

3 TiO2 undoped +4.16 +1.22 -4.38
+Cori +1.01 +1.45 +2.26

+Corit+Coi -2.40 -0.80 +0.67

+Coi -1.82 -1.13 +0.60

4 a-TiOx undoped -2.56 +3.18 +1.93
+Cori +4.02 -3.06 -4.07

+CortitCoi -0.35 -2.27 -1.92

+Coi -1.95 -1.73 +0.22

5 Co0304 @d-TiO2 +2.25 +1.49 -0.76
@TiO2 -0.22 +1.22 -0.76

@a-TiOx -0.42 +3.18 -0.76

@TiO2(Coi) -0.38 -1.13 -0.76

@a-TiOx(Coi) -0.97 -1.73 -0.76
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