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Abstract: DFT calculations point out that the photo-oxidation of water on GaN is energetically considerably facilitated by 

adsorbed carbonate. As the redox potential of the couple CO3
.-
/CO3

2-
 is considerably lower than that of the couple OH

.
/OH

-
 but 

still enables the oxidation of water it is suggested that carbonate should be considered as a catalyst/co-catalyst in a variety of 

catalytic/photo-catalytic/electro-catalytic oxidation processes.  

 

 

TOC: 

 

– Ga–OH  → – Ga–O• + H+ + e- 

          ΔG*' = 6.13 eV (1.85 eV vs NHE)   

                            Δ(ΔG*
'
)

 
= -0.79 eV 

− Ga− CO3H  →  − Ga−CO3• + H+ + e-    

           ΔG*' = 5.34 eV (1.06 eV vs NHE) 
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Introduction: 

Catalytic/photo-catalytic and electro-catalytic water oxidation 

(only typical recent articles are cited)
1–12

 is a subject of 

fundamental interest and significance because it is the half 

reaction required to split water and is the key step in natural 

and artificial photosynthesis to convert and store solar 

energy
13–27

. It has recently been suggested that silver and 

ferric cations might play a catalytic role during photocatalytic 

water oxidation
28

. Recently, much attention was paid to 

semiconductor-based photo-catalysis.
 

Successful water 

splitting has been demonstrated using GaN
29,30

 and InGaN
31, 

wurtzite, GaN/ZnO
29,32,33

 that have significant visible light 

absorption. The commonly accepted mechanism for these 

oxidations is
14–17,20,22–24,30,34

:
 

(1) h
+ 

+ OH
-
/H2O → OH

.
/(OH

.
 + H

+
) 

The OH
. 
radicals might remain adsorbed to the surface of the 

semiconductor
22,24,35

.
 
Reaction (1) is usually followed by: 

(2) OH
.
 + substrate → products 

Though direct oxidation of substrates adsorbed to the 

semiconductor surface is plausible
21,25–27,36,37

:  

(3) h
+ 

+ substrate → products 

In a quite different research the role of carbonate ions was 

explored in Fenton like oxidation reactions, and it was 

reported that CO3
.-
 radical anions are formed instead of OH

.
 

radicals
38

. Carbonate is a very low cost reagent with a redox 

potential of 1.59 V vs. NHE for CO3
.-
/CO3

2-  39
, in comparison the 

redox potential of water is OH
.
/OH

- 
1.90 vs. NHE or OH

.
,H

+
/H2O 

2.730 V vs. NHE
40

. So it seemed tempting to investigate the 

photo-catalytic redox of carbonate instead of water oxidation. 

The molecular catalysis of the electrochemical and 

photochemical reduction of CO2 with earth-abundant metal 

complexes is another interesting study
41,42

, but it differs from 

our study as we are concentrating on the role of carbonate in 

photo-catalytic water oxidation processes. The question in 

this manuscript is whether bicarbonate/carbonate is oxidized 

via reaction (3). Indeed some experimental results point out 

that this is the case
43–45

 though other explanations for the 

effect of carbonate were proposed
46,47

. It was decided to 

analyze the role of carbonate in reaction (3) theoretically. The 

energetics of the formation of OH
.
 radicals via reaction (1) was 

recently theoretically analysed for TiO2
14,20,48

,
 
α-Al2O3, Ga2O3

49
 

and GaN
50

.
 
The latter study investigated the water oxidation 

mechanism on the prototypical GaN (1010) surface using a 

combined ab-initio molecular dynamics and molecular cluster 

model approach taking into account the role of water 

dissociation and hydrogen bonding within the first solvation 

shell of the hydroxylated surface. The calculated free energies 

for the four proton-coupled electron-transfer (PCET) steps of 

the oxygen evolution reaction indicate that the first PCET step 

for the conversion of −Ga−OH to −Ga−O
.
 is associated with the 

highest energy requirement. Investigation of electron-transfer 

(ET) and proton-transfer (PT) steps separately for the first 

proton-coupled electron-transfer (PCET) reveals that de-

protonation is rate limiting. Comparison with previous results 

by Shen et. al.
51

 indicate good agreement for the PCET steps
50

. 

We decided to follow the method used by Ertem et. al.
50

 in 

order of checking the role of carbonate in this photo-catalyzed 

processes. 

Computational details and results: 

Our model was identical to the cluster model used by Shen et. 

al.
51

 Ga15N15O2H34(H2O)4. This cluster consists of two surface 

primitive unit cells of GaN (1010). Broken Ga-N bonds are 

passivated by the addition of hydrogen atoms; to two surface 

Ga atoms hydroxide ions, OH
-
, are bound, and four water 

molecules are added to ensure that the local hydrogen-bond 

structure near the area of interest (i.e., the active site) well 

represents the aqueous environment. 

All our calculations were performed using G09 program
52

. 

Geometry optimizations in B3LYP level of DFT theory were 

performed, using the SDD basis set on Ga and the 6-311+G** 

basis set on all other atoms. In geometry optimizations of 

some structures we had to use MaxStep = 3, setting the 

maximum size for an optimization step (the initial trust radius) 

to 0.03 Bohr or radians, or SCF = QC, which is recommended 

for difficult-to-converge wave-functions.  

Frequencies were calculated for each structure in order to 

verify that the considered structure is indeed a local minimum. 

Solvation effects were calculated using the SMD method
53

. 

For each structure the free energy was calculated. This 

calculation takes into account the ZPE and thermal correction. 

The program's default standard state corresponding to an ideal 

gas at a standard pressure of 1 atm. was changed to use either 

a standard state of 1 M (most species) or of 55.5 M (for water 

molecules). The values of free energy for each structure were 

used to calculate ΔG
0 

values for relevant reactions. Following 

ref. 50 the calculation were performed at pH 4, therefore the 

reported ΔG*
'
, includes a correction of -5.46 kcal/mol (−4RT 

ln(10)) for the free energy of the solvated proton. 

Following ref. 50, we report ΔG*
'
 vs. NHE in addition to the 

real ΔG*
'
 values. The values vs NHE took into account that Δ

G(NHE) =  4.28 eV, and not zero as the latter value is arbitrarily 

assigned. 

Our calculation concentrates on reaction 4 - the first PCET step 

for the conversion of −Ga−OH to −Ga−O
.
, as this step was 

found to be rate limiting. 

(4) – Ga–OH  → – Ga–O
.
 + H

+
 + e- 

Our calculations differ from those reported in table S2 of ref. 

50 using the cluster of Shen et. al.
51

 as we use different basis 

sets, they differ from the Ertem et. al.
50

 calculation as they 

used a larger cluster. Our results for reaction (4) in comparison 

to the results using the cluster of Shen et. al.
51

 as they are 

given in table. S2 of ref 50, and in comparison of Ertem et. al.
50 

are given in table 1. 

In order to explore the role of carbonate on this reaction we 

substitute one of the hydroxide ions bound to a surface Ga 

atom with bicarbonate. The optimized structure is given in fig. 

1. In this case the reaction: 

(5) − Ga− CO3H  →  − Ga−CO3
.
 + H

+ 
+ e

-
   

                                                    ΔG*
' 
= 5.34 eV (1.06 eV vs. NHE) 

is less endoergic by 0.79 eV, moreover, according to Ertem et. 

al.
50

, the de-protonation is the rate limiting step, but in  
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Table 1 - ΔG*' values for reaction 4, comparison of our results with previous results. 

 

ΔG*
'
 

cluster of Shen et. 

al.
50,51 

cluster of Ertem et. 

al.
50 

 

Our results 

(eV vs. 
NHE) 

eV (eV vs. 
NHE) 

eV (eV vs. 
NHE) 

eV 

2.18 6.46 2.32 6.6 1.85 6.13 

 

−Ga−CO3H the bicarbonate is acidic and the de-protonation is 

exoergic and is occurring prior to the electron release: 

(6) −Ga−CO3H  →  −Ga−CO3
-
 + H

+ 
   

                                                   ΔG*
' 
= -0.20 eV (-4.48 eV vs NHE) 

The formation of −Ga−CO3
.
 might be followed either by 

dimerization of adsorbed carbonate radical anions on the 

surface according to reaction 7 as earlier proposed
54

: 

(7) 2−Ga−CO3
.
 → −Ga−C(O)2−(O−O)−(O)2C−Ga−                                                                                                                                                               

The formation of this peroxide on the surface will be followed 

by its oxidation, a process that requires a considerably lower 

potential than that of the formation of −Ga−CO3
.
, yielding O2. 

Alternatively the formation of −Ga−CO3
.
 might be followed by:  

(8) −Ga−CO3•
 
+ H2O → −Ga−OH + CO3

.−  
+H

+
     

                                              ΔG*
' 
= -0.33 eV (-4.61 eV vs NHE)     

(9) CO3•
−
 + CO3•

− 
� 

-
O2COOCO2

- 
→ HCO4

-
 + CO2   

                                             k9 = 4.25x10
6
 M

-1
s

-1 55
 

(10) H2CO4
 
� HCO4

-
 + H

+     
 

                                             K10 = 2.86x10
-4

 M
 56

 

(11) CO2(aq) + HOO
-
 � HCO4

-
   

                                             K11 = 1.13x10
5
 M

-1
; k-11 = 1.8x10

-3
 s

-1 56
 

 

 

Fig. 1: Carbonated GaN.  

Ga- Yellow, C - brown, H - white, O – red, N – blue 

 

 

The HCO4
-
 or the H2O2 thus formed will be oxidized photo-

catalytically on the GaN: 

12) HOO
- → HOO

.
 + e

- 

13) 2HOO
. → H2O2 + O2 

In order of photo-catalytically oxidize carbonate the formation 

of −Ga−CO3H is required, therefore the plausibility of 

substitution of the adsorbed OH
-
 ions by HCO3

-
 ions was 

enquired. At pH 4, the pH at which all the calculations were 

performed, there are no HCO3
-
 ions in aqueous solutions; CO2 

is the only possible species at this pH. 

(14) −Ga−OH + CO2 →  −Ga−CO3H  

                                                    ΔG*
' 
= 0.35 eV (-3.93 eV vs NHE) 

Reaction 14 is slightly endoergic, but this result doesn't take 
into account the point of zero charge (PZC) of GaN. The 
PZC of GaN is in the range of 8–10 57. At pH 4 GaN adsorbs 
H+ ions and is positively charged. Therefore we added an H+ 
to one adsorbed OH- ion and CO2 to the other OH- ion, in 
this case reaction (15) is practically thermo-neutral, and 
suggests that the substitution is plausible. 

(15) −Ga−OH
+
 + CO2 →  −Ga−CO3H

+
   

                                                     ΔG*' = 0.08 eV (-4.20 eV vs NHE) 

The analogous effect of adsorbed H
+
 on TiO2 on the photo-

catalytic oxidation of H2O was earlier reported
48,58

. 

Furthermore, reaction (14) will be followed immediately by 

reaction (6) and the two reactions are clearly exothermic.  

A diagram of reactions: 5,6, and 14 in the order of their 

occurrence is given in scheme 1. 

  Concluding remarks:  

The results reported herein suggest that the photo-catalytic 

oxidation of water on semiconductors is catalyzed by the 

adsorption of carbonate to the surface. This adsorption is 

energetically more favourable below the PZC of the 

semiconductor. As it is easier to oxidize adsorbed carbonate 

than to oxidize water one can use semiconductors that absorb 

light in the visible. 

Furthermore one should consider the use of carbonate as a 

catalyst, or co-catalyst, in catalytic/electro-catalytic water 

oxidation processes.    

 

 

 

Scheme 1: A diagram of reactions: 5,6, and 14 in the order of their occurrence 
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This result suggests that in employing GaN in photo-electro-

chemical cells for solar water splitting
50

, it is preferred to 

saturate the surface of GaN with bicarbonate ions, and 

employing GaN in photo-electro-chemical cells for solar O2 

production. This process demands less energy and is more 

efficient as the visible light used in this process is shifted to the 

red in comparison to the process described by Ertem et al.
50

. 
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