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5 ABSTRACT: Graphene sheets are zero gap semiconductors with exceptional properties.
6 The zero gap of graphene renders the construction of graphene-based photocatalysts very
7 difficult. To enhance and/or modify these properties, hydrogenated graphene, which is
8 called graphane, is proposed. This in turn enhances graphene with significantly promoted
9 charge migration, up-shifted conduction band (CB) level, enhances the potential the of CB,
10 increases the band gap that favors the enhancement of the photocatalytic performance.
11 Here, we investigated the suitability of two configurations of graphane, namely, chairlike and
12 boatlike graphane to be used as active photocatalysts under ultraviolet (UV) irradiation. The
13 optical absorption level exhibited an obvious enhancement in the UV region. The
14 absorption edge of chairlike (boatlike) graphane is located at λ = 364.6.1 (λ = 334.1) nm,
15 and the corresponding optical band gap is about 3.4 eV (3.71) eV, which well-matched with
16 the UV region and the sufficient negative CB potential for H+/H2 reduction. On the basis of
17 these results, one can conclude that chairlike and boatlike graphane could satisfy all
18 requirements to be an efficient photocatalyst.

1. INTRODUCTION
19 After the discovery of graphene,1,2 tremendous attention was
20 focused on modifying newly discovered graphene; among them
21 is the discovery of graphane.3−10 Sluiter and Kawazoe3

22 confirmed the existence of graphane and then after graphane
23 was synthesized.5 Since then, several new configurations for
24 graphane were synthesized in several configurations (stirrup,
25 boat-1, boat-2, twisted-boat, and chair). It has been reported
26 that graphane has two favorable conformations: a chairlike
27 conformer and boatlike conformer.3,4,6,7,11−15 Graphane has
28 potential applications as a hydrogen storage material. Xu et al.16

29 reported that H2O molecules are split into H2 and
•OH, which

30 are then captured by the graphene surface under ultraviolet
31 (UV) irradiation. Accordino et al.17 have reported firm
32 evidence for a neat hydrophilic nature of graphene surfaces.
33 In the current investigation, we focused on the comparison
34 between the two favorable conformations: a chairlike con-
35 former and boatlike conformer. Graphene, which is nontoxic
36 and metal-free, shows huge capabilities for photocatalytic
37 hydrogen evolution18 and CO2 reduction.19,20 Graphene is
38 nearly transparent to light and also a very good conductor of
39 electricity; as a result, graphene could be used in combination
40 with other photon-take devices to make the solar panels thin,
41 flexible, and cheap. This could lead to a new generation of sun
42 power echo-friendly energy. Nonetheless, the photocatalytic
43 performance of graphene is restricted by its zero band gap. To
44 remedy this drawback, various attempts have been made, such
45 as exposing graphene sheets to hydrogen plasma (hydrogenated
46 graphene).5 The improvement in the performance of graphane
47 is due to its high surface area that includes more active sites for
48 reaction. The phenomenon of absorbing electromagnetic
49 radiations is very important for a photocatalyst to be used for
50 a clean environment and energy storage purpose. The high

51stability and reasonable band gap of graphane has been a
52fascinating research topic for theorists and experimentalists.
53This in turn enhances graphene with significantly promoted
54charge migration, up-shifted conduction band (CB) level,
55enhances the potential of the CB, and increases the band gap.
56We should emphasize that the layer structure favors the
57enhancement of the photocatalytic performance.21

58The density function theory (DFT) is an efficient method to
59predict the material properties,22−31 which has been used to
60explore new photocatalysts in excellent agreement with the
61experiment.21,27−37 Therefore, we have used DFT to investigate
62the photocatalytic performance of chairlike and boatlike
63graphane as a novel, green, and an efficient photocatalyst. In
64our previous work, we calculated the linear optical and
65transport properties of the same materials.38,39

2. METHODOLOGY ASPECT

66In this work, ab initio calculations were performed to study the
67photocatalytic performance of chairlike and boatlike graphane
68under UV irradiation. The chairlike conformer is stable in the
69P3 ̅m1 space group, whereas the boatlike conformer is stable in
70the Pmmn space group.3−5 The WIEN2k package40 is used. The
71self-consistent calculations were achieved using the Perdew−
72Becke−Ernzerhof generalized gradient approximation (GGA-
73PBE),41 and the ground state properties were obtained by using
74the Becke−Johnson (mBJ) potential scheme.42 For the
75convergence of energy eigenvalues, the wave function in the
76interstitial regions were expended in plane waves with cutoff
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77 RMTKmax = 7.0, where RMT and Kmax stand for the muffin-tin
78 (MT) sphere radius and magnitude of the largest K vector in
79 plane-wave expansion, respectively. The chosen RMT of a C
80 atom is 1.43 (1.41) atomic units (au) for a chair (boat)
81 conformer, whereas the RMT of an H atom is 0.69 (0.68) au for
82 a chair (boat) conformer. The wave function inside the sphere
83 was expended up to lmax = 10, whereas the Fourier expansion of
84 the charge density was up to Gmax = 12 (au)−1. The self-
85 consistent calculations were converged with the difference in
86 the total energy of the crystal and did not exceed 10−5 Ry for
87 the successive steps. The self-consistent calculations were
88 obtained by using 5000 k points in an irreducible Brillouin
89 zone.

3. RESULTS AND DISCUSSION
90 The schematic diagram of charge-transfer and photocatalytic
91 mechanism of chairlike and boatlike graphane is shown in

f1 92 Figure 1. Under illumination, the photocatalyst produces
93 negative electron (e−) and positive hole (h+) pairs. Figure 1
94 illustrated that the photogenerated e−−h+ pairs are generated
95 via band-to-band excitations; the photoexcited electrons are
96 injected to the CB. Through proton (H+)-aided multielectron
97 processes for CO2 photoreduction,

43,44 the photoexcited e− can
98 react with surface-adsorbed CO2 in the existence of H+ to
99 evolve CH4 as an elementary product. Meanwhile, the valence
100 band (VB)-generated h+ is involved in water oxidation,
101 producing O2 and H+.43,44

102 Because the photocatalytic activities are associated with the
103 electronic structure of the materials,45 the electronic band

104structures of chairlike and boatlike graphane are presented in
105 f2Figure 2a,b to explore the band dispersion, the orbitals that
106form the energy gap (Eg), and the nature of the fundamental Eg.
107It was found that both configurations possess a direct band gap
108because the CB minimum (CBM) and the VB maximum
109(VBM) are located along the A point (chairlike) and at Z point
110(boatlike), respectively. The obtained fundamental energy band
111gaps are about 3.67 eV (chairlike) and 3.98 eV (boatlike). A
112comparison of the obtained band gaps with those from earlier
113 t1studies is presented in Table 1. It is interesting to highlight that

114the C 2p orbital plays a major role in the formation of the
115VBM, whereas the CBM is mainly formed by hybridized C 2p
116and C 2s. The VB is fashioned by hybridized C 2p, C 2s, and H
1171s. One can also see strong hybridization between C 2s, C 2p,
118and H 1s states, favoring the enhancement of covalent bonding,
119as can be observed from electronic charge density contours.
120The covalent bonding is more favorable for the carrier
121transportation than the ionic one.46 The C−C and C−H

Figure 1. Schematic diagram of charge-transfer and photocatalytic mechanism of chairlike and boatlike graphane.

Figure 2. (a,b) Calculated electronic band structure of chairlike and boatlike graphane and (c) schematic diagram of potential in eV vs NHE for
chairlike and boatlike graphane.

Table 1. Calculated Energy Gap in Comparison to Previous
Calculations

chair-like boat-like

LDA 2.69a 3.02a

GGA 3.02a, 3.49b, 3.5c 3.37a, 3.37b, 3.7c

EVGGA 3.60a 3.90a

mBJ (this work) 3.67 3.98
aReference 38. bReference 7. cReference 4.
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122 bonds possess a strong electron cloud overlap that attracts h+

123 and repels e−, thus facilitating the separation of the e−−h+ pairs.
124 This in turn enhances the photocatalytic performance.47 The
125 calculated C−C bond length is about 1.526 Å (1.554 Å) for
126 chairlike (boatlike) graphane in good agreement with the
127 previous work 1.52 Å (1.56 Å),4 and the C−H bond length is
128 about 1.135 Å (1.113 Å) for chairlike (boatlike) graphane in
129 good agreement with the previous work 1.11 Å (1.10 Å).4

130 Further, the H−C−C bond angle is calculated and it is found to
131 be 107.81° (106.96°) for chairlike (boatlike) graphane.
132 It was noticed from Figure 2a,b that the bands around the
133 Fermi level (EF) possess low effective masses and hence high

t2 134 mobility carriers (Table 2), which favors the enhancement of

135 the charge-transfer process. The higher photogenerated carrier
136 mobility enhances the photocatalytic performance.48,49 The
137 large effective mass difference (D = me*/mh*) between e

− and h+

138 (Table 2) can expedite the e− and h+ migration and separation
139 and enhance the photocatalytic performance. For chairlike
140 graphane, the mh* is bigger than me*, whereas for boatlike

141graphane, the mh* is lower than me*, resulting in a significant
142mobility difference between e− and h+. The mobility of e− and
143h+ can be indirectly assessed by their me* and mh* as follows:
144((mobility)e = eτe/me* and (mobility)h = eτh/mh*). The large
145mobility difference is useful for the e− and h+ separation,
146reduction of the h+ and e− recombination rate, and improve-
147ment of the photocatalytic activity. Following Table 2, one can
148see that both mh* and me* are small; therefore, one can conclude
149that the carrier transfer can be fast along different directions.
150The photocatalytic oxidation is mainly attributed to the
151participation of O2

•−, •OH, and h+,50 see Figure 1. To
152understand the photocatalytic mechanism of chairlike and
153boatlike graphane, the reduction potential of CBM and the
154oxidation potential of VBM at the point of zero charge can be
155estimated using the expressions:51

χ= − −E E E( /2)CB
C

g 156(1)

= +E E EVB CB g 157(2)

158The ECB and EVB values of chairlike and boatlike graphane
159are shown in Figure 2c. This figure illustrates the probable
160energy-level diagram [potential vs normal hydrogen electrode
161(NHE)] and CO2 photoreduction, the relative positions of
162CBM and VBM for chairlike and boatlike conformers, and the
163redox potentials for CO2/CH4 and O2/H2O. Chairlike
164graphane appears to be a more efficient photocatalyst for
165CO2 photoreduction, possessing a CBM at −1.40 eV and a
166corresponding VBM at 2.0 eV. The CBM lies above the redox
167potential of CO2/CH4 (0.17 eV), whereas the VBM lies above
168the O2/H2O redox potential (1.23 eV).44 One can see that the

Table 2. Calculated Effective Masses

effective mass chair-like boat-like

me*/mo 0.010 0.018
mhh* /mo 0.016 0.010
mlh*/mo 0.006 0.020
D = mhh* /me* 1.597 0.576
D = me*/mhh* 0.625 1.733
D = mlh*/me* 0.673 1.080
D = me*/mlh* 1.485 0.925

Figure 3. (a,b) Data plots of [I(ω)]2 vs photon energy in the absorption edge region; (c) photoconductivity of chairlike and boatlike graphane as a
function of photon energy; and (d) carrier concentration of chairlike and boatlike graphane.
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169 CBM potential of boat-like graphane is much negative than that
170 of chairlike graphane; therefore, boatlike graphane has a
171 stronger reduction power for the production of H2 than that
172 of chairlike graphane.51 The suitable Eg width and the
173 appropriate CBM position together attribute to the optimal
174 H2 production activity. Thus, maintaining the equilibrium
175 between the reduction power and the light absorption ability
176 leads to a higher efficiency of light-driven photocatalytic H2
177 production. Following Figure 2c, because of the higher CBM
178 position, chairlike and boatlike graphane possess a large
179 negative reduction potential of excited e−, and thus, the CBM
180 and VBM locations accommodate the redox capacity.
181 Because the free radicals −OH and −O2

− possess a high
182 oxidation number, they can oxidize various inorganic and
183 organic C compounds to generate dioxide, H2O, and other
184 nontoxic small organic molecules. Thus, the Eg width defines

f3 185 the domain of the absorbed light (see Figure 3a,b). The
186 absorption of the light induces the transfer of e− from the VB
187 → CB, creating e−−h+ pairs that can then migrate to the surface
188 to contribute in oxidation and reduction reactions, respec-
189 tively.52,53 The positions of the CBM and the VBM defines the
190 oxidation and reduction abilities of h+ and e−, respectively.52,54

191 From the absorption spectrum (Figure 3a,b), the Eg(optical) can
192 be derived from [I(ω)]2 (the absorption coefficient). For the
193 direct optical transitions, the [I(ω)]2 is linear with photon
194 energy (hν) in the absorption edge region, whereas for indirect
195 optical transitions, the [I(ω)]1/2 is linear with hν.29 The inset of
196 Figure 3a,b illustrates the graphs of [I(ω)]2 versus hν in the
197 absorption edge region for chairlike and boatlike conformers;
198 one can see that the [I(ω)]2 versus hν is linear in the
199 absorption edge region; thus, the absorption edge of chairlike
200 and boatlike conformers is caused by direct optical transitions.
201 Figure 3a,b reveals that the absorption edge of chairlike and
202 boatlike conformers occurs at λ = 364.6 nm (chairlike) and λ =
203 334.1 nm (boatlike), which correspond to the Eg(optical) (λg =
204 1239.8/Eg(optical)

55) 3.40 eV (chairlike) and 3.71 eV (boatlike).
205 That well-matched with UV irradiation and the sufficient
206 negative CB potential for H+/H2 reduction. For more
207 information, photoconductivity as a function of hν is calculated
208 and presented in Figure 3c. One can see that chairlike
209 (boatlike) graphane shows the highest photoconductivity when
210 the photons possess an energy of about 3.40 (3.71) eV. Thus,
211 the photocurrent is produced at the absorption edge, that is,
212 3.40 (3.71) eV, which implies that chairlike (boatlike) graphane
213 exhibits photocurrent response in the UV region. This indicates
214 that chairlike (boat-like) graphane may have good photo-
215 catalytic performance and agrees well with the foregoing
216 photocatalytic activity measurement. The other crucial issue to
217 understand in the photocatalytic mechanism of the chairlike
218 and boatlike graphane is the concentration of the carriers (n)
219 and their mobility. Here, we studied the influence of
220 temperature (T) on n at a certain value of chemical potential
221 (μ = EF). Figure 3d reveals that the carrierconcentration of
222 chairlike and boatlike graphane increases linearly with
223 increasing T.
224 To investigate the charge-transfer and bonding nature, the
225 electronic charge density distribution of chairlike and boatlike
226 graphane, which is derived from the reliable converge wave
227 function,56,57 is calculated in different crystallographic planes

f4 228 (Figure 4). According to Pauling scale, the low electronegativity
229 difference between C and H atoms points to an almost
230 nonpolar covalent bond.58 The maximum charge is accumu-
231 lated around C and H atoms, as indicated by the blue color.

Figure 4. (a−f) Calculated electronic charge density distribution,
which shows that C−C and C−H bonds possess a strong electron
cloud overlap and prefer to attract holes and repel electrons, thus
facilitating the separation of the photogenerated e−−h+ pairs. This in
turn enhances the photocatalytic activity and (g) thermoscale.
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232 This implies that efficient charge transfer occurs toward the C
233 atom due to the fact that the electronegativity of a C atom is
234 larger than that of an H atom. The blue color refers to the
235 maximum charge intensity (Figure 4g), which represents strong
236 sharing of charge between C and H atoms resulting in a strong
237 covalent bond. The red color represents zero charge (Figure
238 4g). Thus, the formation of chairlike and boatlike graphane
239 efficaciously extends the local two-dimensional conjugated
240 system of chairlike and boatlike graphane into a three-
241 dimensional space and subsequently promotes the separation
242 and mobility of charge carriers.

4. CONCLUSIONS
243 Hydrogenated graphene, which is called graphane is proposed
244 to enhance graphene with significantly promoted charge
245 migration, up-shifted CB level, enhance the potential of CB,
246 increase the band gap as well as enhanced surface area that
247 favors the enhancement of the photocatalytic performance. The
248 chairlike and boatlike graphane are comprehensively inves-
249 tigated. The optical absorption edge moves from λ = 364.6.1
250 nm (chairlike) → λ = 334.1 nm (boatlike), which corresponds
251 to the direct optical Eg of 3.4 eV (chairlike) → 3.71 eV
252 (boatlike), that well-matched with UV irradiation and the
253 sufficient negative CB potential for reduction of H+/H2.
254 Chairlike graphane appears to be a more efficient photocatalyst
255 for CO2 photoreduction, possessing a CBM at −1.40 eV and a
256 corresponding VBM at 2.0 eV. The CBM lies above the redox
257 potential of CO2/CH4 (0.17 eV), whereas the VBM lies above
258 the O2/H2O redox potential (1.23 eV). It can be clearly seen
259 that for chairlike and boatlike graphane, the CB edge potential
260 is less than the VB potential, indicating that chairlike and
261 boatlike graphane has a strong reduction power for H2
262 production. Generally, a suitable Eg value and an appropriate
263 CBM location together attribute to the optimal H2 production
264 activity under light irradiation. Therefore, maintaining the
265 equilibrium between the reduction power and the light
266 absorption ability leads to a higher efficiency of light-driven
267 photocatalytic H2 production.
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