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University, Xi’an 710049)

Abstract Borohydrides are considered to be one of the most promising hydrogen storage materials due to their high theo-
retical hydrogen storage gravimetric capacity. The recognition of reaction mechanism that the borohydrides generate hydro-
gen by hydrolysis can provide effective help for seeking the optimal reaction conditions. In this study, the mechanism for
hydrogen evolution reaction between BH, and two molecules of water has been investigated in detail by using the density
functional theory (DFT) and the second-order Meller-Plesset perturbation theory (MP2). At the B3PW91/6-311+ +G(2df,
2p) and MP2(full)/6-311+ +G(2df, 2p) level of theory, the geometries of all species in the reaction system (reactants, iso-
mers, transition states and products) were optimized. The transition states were validated by the vibrational frequency analy-
sis and the calculations of the internal reaction coordinate (IRC). The computational results show that hydrogen is formed by
a hydridic B—H hydrogen and a protic O—H hydrogen and that the reaction includes four steps in two possible reaction
paths. In the first path, the water participates with the reaction in the first step and the third step, respectively; in the second
path, the water participates with the reaction in the first step and the second step, respectively. Meanwhile, since the reaction
barrier of each step is very high, the reaction is not easy to proceed spontaneously. The reaction barrier of the first step reac-
tion is 252.0 kJemol~' (in MP2 method) which is the highest in full steps, so that the first step is the control step of the reac-
tion. In addition, both reaction paths are strong exothermic reaction process. The enthalpy change values obtained in MP2
method (—200.3 kJemol ') is closer to the experimental observations (—216.7 kJ*mol '). And during the reaction process,
the hybridization of the center atom boron changes from sp3 hybrid to sp2 hybrid and then to sp hybrid.

Keywords BHj, ; reaction mechanism; density functional theory; second-order Moller-Plesset perturbation theory
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Figure 1 Optimized geometries of reactants, isomers, transition states, product for the reaction BH; +H,O at the B3PW91/6-311+ +G(2df, 2p) and
MP2(full)/6-311-+ +G(2df, 2p) level of theory (Bond distances are in A, angles are in degree)
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Table 1 Zero-point energies, reaction and activation energies, enthalphies, and free energies (ZPE, AE, AH, AG in kJsmol ') for the reaction between

BH; and water

—2a_
+H,0

—

3b

_ 4 _
> HBO(OH) ——>BO, +4H,

B3PW91/6-311+ +G(2df2p)

MP2(full)/6-311-+ -+ G(2df,2p)

Compound ZPE AE AH AG ZPE AE AH AG
BH; +H,0 143.9 0.0 0.0 0.0 146.8 0.0 0.0 0.0
IM11 152.9 —43.1 —45.2 —16.4 156.3 —473 —49.4 —19.2
TS1 136.6 196.7 192.6 226.6 138.3 205.5 202.3 235.7
M12 141.7 —26.4 —28.1 0.4 145.1 —42.1 —43.9 —15.1
BH;OH +H, 1333 —25.6 —25.1 —17.9 136.7 —38.8 —38.3 —31.0
BH;0H 106.9 0.0 0.0 0.0 109.6 0.0 0.0 0.0
TS2a 94.5 158.2 157.9 158.4 96.7 172.3 172.0 172.5
IM2a 89.1 16.9 20.5 11.7 91.8 8.1 11.6 35
BH,O +H, 79.3 21.1 28.0 —5.6 81.4 13.6 20.5 —13.1
BH;OH +H,O 168.4 0.0 0.0 0.0 173.2 0.0 0.0 0.0
IM2bl1 172.5 —43.4 —45.7 —13.9 176.9 —46.7 —49.6 —14.9
TS2bl 158.7 61.2 552 98.6 163.0 63.7 57.7 101.0
IM2b2 152.2 —49.9 —48.1 —26.7 155.5 —64.0 —62.2 —41.1
TS2b2 1443 49.0 47.8 78.1 146.5 375 36.5 65.5
IM2b3 160.9 —74.1 —75.5 —46.2 164.4 —93.0 —94.7 —63.1
BH,(OH), +H, 153.2 —73.7 —73.2 —63.3 156.4 —90.1 —89.8 —79.6
BH,O +H,O 109.4 0.0 0.0 0.0 320.9 0.0 0.0 0.0
IM3al 118.7 —71.9 —75.0 —40.5 121.2 —76.7 —80.0 —44.8
TS3a 105.0 925 86.9 128.5 106.6 94.8 89.4 130.5
IM3a2 107.8 —109.3 —110.6 —83.3 109.9 —125.7 —127.1 —98.9
HBO(OH) ~+H, 101.2 —110.0 —109.9 —100.3 102.7  —124.1 —124.0 —114.5
BH,(OH), 126.8 0.0 0.0 0.0 129.3 0.0 0.0 0.0
TS3b 1133 111.5 111.2 112.1 115.0 126.5 126.2 126.9
IM3b 110.1 —19.7 —15.8 —26.6 112.1 —26.0 —22.1 —324
HBO(OH) +H, 101.2 —152 —8.7 —42.7 102.7 —20.4 —13.7 —48.0
HBO(OH) 74.8 0.0 0.0 0.0 75.6 0.0 0.0 0.0
TS4 56.1 101.6 101.7 101.7 56.6 108.9 108.8 109.0
M4 59.3 —54.7 —50.9 —60.4 61.2 —68.6 —65.4 —53.0
BO, +H, 51.9 —52.6 —459 —75.4 52.3 —65.2 —58.5 —87.9
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Figure 2 The calculated potential energy profile for the reaction
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Figure 3 Optimized geometries of reactants, isomers, transition states, product for the reaction pathway 1 at the B3PW91/6-311+ +G(2df, 2p) and
MP2(full)/6-311-+ +G(2df, 2p) level of theory (Bond distances are in A, angles are in degree)
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MP2(full)/6-311+ +G(2df, 2p) level of theory (Bond distances are in A, angles are in degree)
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311+ +G(2df, 2p) level of theory
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Figure 8 The calculated potential energy profile for the BH,(OH),
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MP2(full)/6-311+ +G(2df, 2p) level of theory
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Figure 10 The calculated potential energy profile for the HBO(OH)
dehydrogenation reaction at the B3PW91/6-311 + + G(2df, 2p) and
MP2(full)/6-311+ +G(2df, 2p) level of theory
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