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Motivation Results Scaling Relations

« Water Splitting- key process in hydrogen production from sunlight and A correlated energy phenomenon has been observed on metal oxide
other sources of electricity. surfaces as a result of scaling relations between the intermediates.[>-6]

« Current major hydrogen source Is steam reforming of fossil fuel which 0.(a) (b) IrO 0.(a) * From figure 2 and figure 3, it can be seen that the free energy difference
generates GHG — CO,, as by-product. (a) Ideal : 2 : between HO™ and HOO™ is almost constant, independent of the binding
WO - ) strength of the surface.
- - - - - i [#eo, H?D ] HOO*  Following relation is found:
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« It is important to ascertain the accuracy of DFT calculations with BEEF- wo | S -3 . = O0H oH (eV)
vdW exchange correlation for the formation energies of Rutile dioxides. e 200 Ep— = | o
« Hence we compared the DFT-BEEF-vdW calculations of formation 2 2 — - - * BEEF-vdW Energy ensemble Is used to get the standard deviation of the
energies with the experimentally obtained values from the Intercept which is found to be 0.2221 eV.
electrochemical series.
» Poor DFT description of the O, molecule was avoided by using H,O (c) RuO, 0,(g) (d) TiO, 0,(g) Descrigtor and ACtiVit}[ Volcano
rather than O, as the reference for oxygen on the calculation of the heat ‘
i - . HOO*
of formation.!t Following reaction was used: _HOO* | ——
F===r o* . « Given the constant difference between the HO™ and HOQO" levels, the
M (bulk) + 2H,0 () - MO, (bulk) + 2 H, (g) o Slialinlle 8 difference (AG)- — AGp,+) can be used as a unique descriptor for the
MAE = 0.42(eV) T %; < OER activity.
AGorm = G[MOy (bulk)] + 2G[H, (9)] - {G[M (bulk)] + 2G[H,0 (1) ]} - - Ideal Behaviour o _'i':’_"-l _______ I ., ol '  This means that either step (2) or step (3) is the potential determining
*2H 00 | - - - +2H,00) == equation:
* For bulk crystals the entropy (S) and zero-point energy (ZPE) effects
have been neglected as at room temperature, these values are negligible. -5 -2.5 0 2.5 5 Reaction Coordinates Reaction Coordinates GOPR = max[AGY, AGY] = max[(AGY- — AGHy-), (AGhoo+ — AGY:)]
« The experimental change in free energy is found via the dissolution ﬁGﬂpt (eV) ~ max[((AGy — AGpy-),3.2 — (AG) — AGpy+)]
potentials of these two reactions : _ _ _
Figure 1. Calculated formation energies of various representative rutile  Figure 2. Standard Free energy diagram for the OER at zero potential (U=0) nOER = (max[((AGS- — AGHy+), 3.2 — (AGY- — AG),-)Ve}—1.23 V
M (bulk) © M™ +ne- metal dioxides as a function of the experimental values extracted from the ~ atpH =0and T = 298.15 K for: (a) Ideal Catalyst, (b) IrO, , (c) RuO, , (d)
i iag [2-4] = = (Y (v. — x. 10, c,d), AG)- — AGY,- | ' . .
electrochemical series.”*! A mean absolute error =MAE =(X}'(y; — x;))/n TiO,. Fall all the real catalysts (b,c,d), AGp- — AGp,- Is approximately . Plotting n°FR as a function of AGS. — AGY,. leads to a volcano
MO, (bulk) + 4H* + (4 —n)e™ & M™ + 2H,0 (1) with respect to the experimental values was found to be 0.416 eV using ~ constant with an average value ot 3.0503 eV, where as the optimum value relationship independent of the catalyst material (Figure 4).
BEEF-vdW exchange correlation. A MAE of 0.29 eV had been reported ~ (ideal) Is 2.46 eV. The dashed (red) lines represent the uncertainty in the
« Figure 1 shows the calculated AG;,,, for a large number of rutile metal earlier using RPBE exchange correlation. respective free energies using BEEF-vdW exchange correlation. _ _
dioxide as a function of the experimental values (AG,,,) extracted from AdSOfQUOn Site
the above equations (electrochemical series)241 Cus site Bridge site
0 2.2598
Oxygen Evolution Reaction
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» Following four electron reaction transfer is used for the describing the -0.5 1.7598
reaction mechanism: . RMSE = 0.16 (eV) g
H20 (l) +*xeo HO™ + H+ + e AGl = AGHO* — AGHZO(Z) —eU + kaln A+ g‘l -1 1.2598 F
HO* & 0"+ H' + e~ AG, = MGy — AGyo+ — eU + kpTInay+ E’_j -_]‘
-
) ', -1.5 0.7598
0* + H,0 () © HOO* + H' + e~ AG3 = AGypo* — MGy —eU + kyTlnay+ —
HOO* & x + 02 (g) + H+ + e AG4 = AGOZ _AGHOO* —elU + kalnaH+
-2 0.2598
) élGl-tLlr gas Stl)_fén I_cla:]culir]ed rustlnng nc(;)mnpultatlt(?nﬁl_ Srtanldarccli H%’hd[]o?f 4 « Figure 5. Visualization of the considered surface structure of rutile metal
h ili ; r?r(n I ).I etﬁ = 8 \p/0 y SiIE PR PR — 022 (eV 05 0 0.5 ] 15 2 55 3 35 4 dioxide (110 facet). Rutile-like stoichiometric surface (110) for MO, with
yarogen mo ec.u ca - vs. ' _ 9o0u-04 (eV) ' ' AG &.G VO ' v ' M = Ir, Ru, Ti, Mn, Cr, Sn, V. Red and grey spheres represent O and
* The free energies vary in the same way with pH and U, hence the 2 , (VO,) (eV) metal atoms respectively. Bridges are inactive sites and are covered with
potential determining step is independent of the pH and U. Therefore, the oxygen while the cus site is active sites (cus).
analysis performed for the free energies is at Standard Conditions (pH=0, -1 0.5 0 0.5 1 1.5
T:298-.15 K) ano_l l.JZO. | | | .&.E . (EV)
* Potential determining step is defined as the last step to become downhill OH References
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¥ J Figure 3. Adsorption energy of HOO™ plotted against the adsorption energy of Figure 4. Volcano plot as a result of the unique descriptor for the OER 2. M. Pourbaix, Atlas of Electrochemical Equilibria in Aqueus 3(0|utio)ns (Pergamon,
— 0 0 A0 0 HO™ on rutile metal dioxide (110) surface. The red dots represent the calculated activity. The negative values of overpotential were plotted against free London/Cebelcor, Brussels, 1966). | | |
G7 = max|AGy, AGz, AGs, AG,] adsorption energies for various surfaces while the yellow dots represent the energy difference (AG3. — AGY,-). The errorbars represent the 3 ?CRSCHSQSV*’%':I(OESQS;"'S”y and Physics, edited by D. R. Lide and H. P. R. Frederikse
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