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The pyrene-functionalized cobaloxime-g-C;N4 system was active for hydrogen
production in CH3CN-H,O mixed solvent with a highest TON of 281.
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DOI: 10.1039/x0xx00000x Three comparable hybrid photocatalytic systems, comprising semiconductor g-C;Ny, end-
group-functionalized cobaloxime complexes (carboxy-functionalized cobaloxime, C1; pyrene-
functionalized cobaloxime, C2; and non-functionalized cobaloxime, C3), and triethanolamine
(TEOA), are active for visible-light-driven hydrogen production in CH3;CN-H,O (9/1, v/v)
solution. Upon irradiation for 12 h, the turnover numbers of hydrogen evolution are 234, 281
and 195 for the hybrid system C1/g-C;N,, C2/g-C3;N, and C3/g-C;N,, respectively. The
highest hydrogen evolution efficiency of the C2/g-C;N, system can be attributed to the
strongest m—=n interactions between the pyrene moiety and g-C;N,4. Based on electrochemical
properties, steady-state photoluminescence spectra and theoretical analyses, the visible light
absorption of g-C3N,, the catalytic H,-evolving ability of cobaloxime as well as the efficient
charge separation of the excited g-C3;N, in the presence of both TEOA and cobaloxime, are
responsible for the high activity of these hybrid systems.
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Introduction turnover of 9000 (vs. organic dye).'® Besides the organic dyes,
the metalloporphyrins were also introduced as the
photosensitizers to couple with cobaloxime catalysts for
efficient photoinduced hydrogen production''® ''® Nevertheless,

- . - one of the inherent weaknesses of the utilized organic and
systems have been actively developed including homogeneous . .. . .. -
1a,» organometallic photosensitizers is their instability upon long-

The visible-light-driven hydrogen evolution from water is one
of promising approaches to provide renewable and clean energy
for the future.! Therefore, a number of hydrogen-evolving

and heterogeneous photocatalytic systems in recent years. . . . .
& us p Y Y Y term irradiation.'> Recently, an increasing number of noble-

metal-free nanomaterials have been used as the light absorber,
such as TiO,'* CdS,"* core/shell CdSe/ZnS QDs,"” and
graphite-like C;N, (referred to hereafter as g-C3N,), which can
link cobaloximes directly onto the surface and overcome the
drawback of the poor stability of the organic and
organometallic photosensitizers.'®

Among various nanomaterials, the environmentally benign g-

Studies on the homogeneous catalysts for hydrogen production
are mainly focused on the first-row transition metal complexes,
such as [FeFe]-hydrogenase mimics,® cobalt and nickel
complexes.* Among various catalysts, the cobaloxime has been
widely investigated for photocatalytic hydrogen evolution due
to their convenient preparation and good catalytic activities.’
Many cobaloxime-based photocatalytic systems for hydrogen

production have been constructed utilizing the noble-metal- C3N, is rightfully attracting increased attention owing to its

relatively high stability and suitable electronic structure (E;=2.7
eV, conduction band at -1.42 V and valence band at 1.28 V vs.
Ag/AgCl) covering the water-splitting potentials.'” However, g-
C;N, alone shows very poor photocatalytic activities for water

based photosensitizers, such as ruthenium,®  rhenium,’
platinum,® and iridium-based organometallic complexes.’
However, because of the high cost of noble-metal-based
photosensitizers, chemists attempt to replace them with other
chromophores made of earth-abundant elements, such as

) th d 10 all hvrins.!! and ohotoacti reduction and relies on surface co-catalysts, which can
organic xanthene dyes, = metallopor; ins, = an otoactive .
& x b 12 yes POTPAYTINS, P V€ accelerate the separation of photogenerated electron/hole and
nanomaterials.”™

increase the photocatalytic performance of g-C;N,. The
precedents for catalytic systems which combined g-C;N, with a
co-catalyst, such as platinum group metals and MoS,,"® do exist
but it is only recently that Co- and Ni-based molecular catalysts

To our knowledge, Eisenberg and co-workers have employed
the xanthene dye derivatives (S or Se in place of O in the
xanthene ring) in combination with the cobaloxime for the
light-driven generation of hydrogen, and reported the highest

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1
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have been used as co-catalysts.'*™ '® Herein, three comparable
cobaloxime complexes (C1l, C2 and C3) (Fig. 1) are
synthesized and studied as molecular co-catalysts for hydrogen
generation from hybrid systems containing the photoactive g-
C;3;N4 and triethanolamine (TEOA) as electron donor in
acetonitrile aqueous solution. The results of photocatalysis
experiments show that the TONs of hydrogen evolution are 234
and 281 (vs. complex) for the hybrid systems C1/g-CsN, and
C2/g-C;3N,, respectively. In comparison, the photocatalytic
activity of the non-functionalized complex C3 (TON=195) is
lower than that of the carboxy-functionalized complex C1 and
pyrene-functionalized complex C2 under the same conditions.
To better understand the difference of photocatalytic activities,
the adsorption of the complexes to g-C;Ny, the electrochemical
properties and the steady-state photoluminescence properties
are investigated and discussed in detail.
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Fig. 1 Structures of g-C3N4 and complexes C1 to C3 used in the present work.

Result and discussion

Synthesis and structure of catalysts and g-C;N,

The g-C;N, was prepared by the direct polymerization of urea
at ambient conditions. The XRD pattern of the as-prepared g-
C;N, shows two characteristic peaks at 13.1 and 27.4 degree in
accord with the previously reported results (Fig. S11).'” The
TEM image clearly shows the g-C;N, possesses the layered
structure (Fig. S27). In order to investigate the effect of end-
cobaloximes on the photocatalytic
three

group-functionalized
of as-prepared g-C;Ny,
complexes are designed as co-catalysts and expected to
assemble on the surface of g-C;N, for photocatalytic H,
evolution. The first one (C1) is based on the relatively good
adsorption performance of carboxy group, which can provide a
linkage to the nanomaterial surface.?’ Furthermore, in view of

performance cobaloxime

the conjugative 7 structure of g-CsN,,?! we choose another
cobaloxime derivative C2, in which the pyrene moiety of n
electron conjugation is expected to strongly interact with g-
C;N, via n—m interactions. As a comparison with the end-group-
functionalized cobaloxime complexes C1 and C2, the complex
C3 without functional-group modification is also employed as
co-catalyst for g-C;Ny in this paper.

2| J. Name., 2012, 00, 1-3
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Fig. 2 Crystal structures of C1 and C2 (the hydrogen atoms are omitted for
clarity)

The C1 was conveniently prepared by stirring
[Co(dmgH)(dmgH,)Cl,] with isonicotinic acid in CH3;CN and
then obtained as dark-red crystals. The C2 was prepared in an
analogous manner to C1 using [Co(dmgH)(dmgH,)Cl,] and N-
pyren-1-ylmethyl-isonicotinamide, which was synthesized by
the amidation reaction between isonicotinoyl chloride and
(pyren-1-ylmethyl)amine. All new compounds were confirmed
by 'H, "C NMR and elemental analysis. The solid-state
structures of C1 and C2 were established by means of single-
crystal X-ray diffraction. The crystal structures of complexes
C1 and C2 are given in Fig. 2 with selected bond lengths and
angles listed in Table 1. The coordination geometry around the
Co-centre in C1 is strongly similar to those in other reported
cobaloxime complexes.®® Because of the existence of the
carboxyl, the axial Co-N(5)pyrigine distance is 1.967 A, slightly
longer than that in C3 (1.959 A). The average Co-Njpine bond
distance of the glyoximate ligands in C1 is 1.896 A, which is
consistent to the value of 1.895 A in C3.?* The asymmetric unit
of C2 consists of two same Co-centred complexes and some
uncoordinated solvent molecules. For clarity, we only present
one Co-centre in Fig. 2, which is hexacoordinated with a

This journal is © The Royal Society of Chemistry 2012
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slightly distorted octahedral geometry (Table 2). The pendent
pyrene moiety is roughly parallel to the equatorial plane
defined by the four N atoms of glyoximate ligands, with a
dihedral angle of 5.6 degree.

Table 1 Selected bond lengths (A) and angles (degree) for C1 and C2

C1
Co(1)-N(1) 1.910(2) N(3)-Co(1)-N(4) 98.64(10)
Co(1)-N(2) 1.887(2) N(2)-Co(1)-N(4) 178.48(11)
Co(1)-N(3) 1.882(2) N(3)-Co(1)-N(1) 177.92(11)
Co(1)-N(4) 1.906(2) N(2)-Co(1)-N(1) 99.33(10)
Co(1)-N(5) 1.967(3) N(4)-Co(1)-N(1) 80.26(11)
Co(1)-CI(1)  2.2301(8) N(3)-Co(1)-N(5) 89.63(10)
O(1)-N(1) 1.364(3) N(2)-Co(1)-N(5) 89.41(10)
0(2)-N(2) 1.340(3) N(4)-Co(1)-N(5) 92.07(10)
0(3)-N(3) 1.336(3) N(1)-Co(1)-N(5) 92.17(10)
O(4)-N(4) 1.352(3) N(3)-Co(1)-N(2) 81.72(10)
C2
Co(1)-N(1) 1.895(4) N(3)-Co(1)-N(1) 177.37(18)
Co(1)-N(2) 1.904(4) N(3)-Co(1)-N(4) 82.11(17)
Co(1)-N(3) 1.886(4) N(1)-Co(1)-N(4) 98.27(17)
Co(1)-N(4) 1.898(4) N(3)-Co(1)-N(2) 98.08(17)
Co(1)-N(9) 1.974(4) N(1)-Co(1)-N(2) 81.48(17)
Co(1)-CI(1)  2.2241(13)  N(4)-Co(1)-N(2) 178.84(17)
O(1)-N(1) 1.362(5) N(3)-Co(1)-N(9) 90.92(17)
0(2)-N(2) 1.337(5) N(1)-Co(1)-N(9) 91.68(17)
0(3)-N(3) 1.330(5) N(4)-Co(1)-N(9) 90.07(15)
O(4)-N(4) 1.343(5) N(2)-Co(1)-N(9) 91.07(16)
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Fig. 3 (a) UV-vis absorption spectra of C1 (2x10° M), C2 (2x10° M) and C3
(2x10° M) in CH3CN (5 mL); UV-vis absorption spectra of C2 (b), C1 (c), and
C3 (d) before and after stirred with g-C;N4 (4 mg) in CH3CN for 2 h following
centrifugation and filtration.

Adsorption of the cobaloximes C1-C3 to g-C;N,

The UV-vis diffuses reflectance absorption spectrum of g-C3N,
exhibits the broad absorption from UV to visible light region
(Fig. S4t). The absorption edge is at about 455 nm,
corresponding to a small band-gap (2.73 eV). The UV-vis
absorption spectra of complexes C1-C3 measured in CH;CN
are shown in Fig. 3a. The cobaloximes C1 and C3 exhibit a
high-energy absorption between 230 nm and 300 nm, which is
attributed to the intra-ligand (-7*) transitions.®® Unlike C1 and
C3, the C2 displays a very different absorption spectrum with
characteristic absorption bands of the pyrene group (at 342, 326,
312, 276, 265, 255, 242, and 235 nm).> According to the report

This journal is © The Royal Society of Chemistry 2012

by Li et al., the cobaloximes bearing appropriate pendent
ligands can be effectively adsorbed by the photoactive
nanomaterials.'* To investigate the adsorption amount of the
cobaloximes C1-C3 on the g-C;N, surface, the acetonitrile
solutions of C1-C3 (2x10”° M, 5 mL) were measured by UV-
vis spectrophotometry before and after exposure to g-C;N, (Fig.
3). In view of the absorbance difference at the maximum
adsorption wavelength, we estimate the adsorption amount of
C1, C2, and C3 on g-C;N, to be approximately 0.05, 0.07, and
0.02 pumol, respectively. Increasing the original concentration
of cobaloximes from 2x10° M to 3x10~ M did not lead to the
increase in adsorption amount. As noted, however, no
significant difference in the adsorption amount was seen
between the above-mentioned cobaloximes, with a median
adsorption amount for each of about 0.04 pumol.

Photocatalytic activities of the hybrid systems

We first studied the photocatalytic H, production of the hybrid
system C1/g-C3N, in CH;CN-H,O (9:1, v/v, 5 mL) solution
containing 5 vol% TEOA at pH 10. Experiments under
irradiation (A>400 nm) with different concentration of C1
(0.05-0.2 mM) showed the system with 0.1 mM C1 released
the largest amount of H, (42 pmol, TON = 84) over 4 h (Table
2). With an increase or a decrease of the concentration of C1 to
0.2 mM and 0.05 mM, the TON of H, evolution decreased to
40 and 56, respectively. It is evident that the optimum amount
(0.5 umol) of C1 for the system is much higher than the
adsorption amount (0.05 pmol) of C1 on the surface of g-C;Ny,
which indicates that the complex C1 predominantly exists as
free molecules in reaction solution. To further clarify the role of
C1, the suspension of the C1/g-C;N, system was stirred for 2 h
in the dark and subsequently filtered, resulting in the g-CsN,
residue and the clear filtrate. With readdition of reaction
solution, the g-C;N, residue adsorbing a small amount of C1
(0.05 pmol) gave a quarter of the TON of the original C1/g-
C;Ny system, while with readdition of fresh g-C;N,, the clear
filtrate containing the free molecules displayed an H, evolution
rate similar to that of the original system C1/g-C;N, (Fig. S67).
These results indicate that both of the C1 molecules, adsorbed
on the surface of g-C;N, and dissolved in reaction solution, can
improve the photocatalytic activities of g-C;N4. The light-
induced H, production catalyzed by C1 also depends on the
amount of g-C3N,. When the concentration of C1 was 0.1 mM,
the amount of H, evolved was improved apparently with an
increase of the amount of g-C;N, from 2 mg to 4 mg. However,
further increasing the amount of g-C;N,4 to 8 mg did not lead to
an obvious enhancement in the photocatalytic activity. Control
experiments without C1, g-CsNy, or TEOA showed no H, was
released from the system C1/g-C;N,, suggesting that all three
components are required for the photocatalytic H, evolution.
Besides CH;CN, CH;CH,OH and DMF were also used as
reaction solvent for the photocatalytic experiment in the C1/g-
C;Ny system. Smaller quantities of hydrogen were released in
systems containing either CH;CH,OH or DMF, albeit with the
same 9/1 v/v ratio with water (Fig. 4). Consequently, the
solvent CH3CN is superior to CH3;CH,OH and DMF for H,

J. Name., 2012, 00, 1-3 | 3
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evolution in this system. Further studies on solvent effects were
done to investigate the photocatalytic activity of the system
C1/g-C;N, by changing the ratio of CH3;CN and H,0. The
results showed that the C1/g-CsN, system displayed a higher
activity when the CH3;CN/H,O ratio was increased. With an
increase of CH3;CN/H,O ratio to 9/1 from 1/1, the TON of H,
evolution was apparently increased to 88 from 10. In addition
to the system C1/g-C;N,, the effects of the two factors (i.e.,
organic solvents and CH3CN/H,O ratios) on the photocatalytic
performances in the analogous systems C2/g-C;N, and C3/g-
C;N, were also studied in Fig. 4. It is found that the trends of
the medium dependence on hydrogen evolution over the C2/g-
C;N, and C3/g-C3N, systems agree closely with those over the
C1/g-C;N, system (Fig. 4).

Table 2 Influence of the concentration of C1 and the amount of g-C3N4
on photocatalytic H, production *

Run Concentration of C1 Amount of g- TON
(mM) C3Ny (mg)
1 0.05 4 56
2 0.1 4 84
3 0.2 4 40
4 0.1 2 57
5 0.1 8 92

?Condition: 5 vol% TEOA in CH3CN-H,O (9/1, v/v) at pH 10;
irradiation time 4 h.

150
I C1/g-CN,
I C2/g-C N,
- C3/g- c3N4
100
z
(o]
s
50 i
0 ' L
o A\" ,u\" o
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Fig. 4 Effects of organic solvents and CH;CN/H,O ratios on the hydrogen
evolution over each system containing cobaloxime (1x107* M), g-C3N,4 (4 mg) and
TEOA (5 vol%) at pH 10; irradiation time 6 h.

Considering the aforementioned catalytic condition, the pH
value of the C1/g-C3N, system is approximately 10 without any
adjustment by acid or base. To examine the pH effects on H,
light-induced H,
evolution was performed in the pH range of 8.5-10 under the

evolution from the system C1/g-C;Ny,

conditions described in Fig. 5. The results show that the
photocatalytic H, production is dependent on the pH value of
the system, in which the optimum pH value for H, evolution is
9, while lower amounts of H, are obtained at either lower or
higher pH values. The mechanism on the similar pH-dependent
phenomenon has been elucidated in more detail by Zhang et

4| J. Name., 2012, 00, 1-3
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al.'™ In addition, the pH dependence on hydrogen production
over the systems C2/g-C3N,and C3/g-C3N, also shows that the
maximum hydrogen generation efficiency was achieved at pH 9.
This pH-dependent effect is related to the oxidation of TEOA,
which is an essential step in the catalytic cycle.’® As we know,
TEOA is extensively used as electron donor in many Pt/g-
C3N,-based hydrogen evolution systems.'* 2'* 2% In the C1/g-
C3N, system, keeping the concentration of C1 (1x10™ M) and
the amount of g-C3N,; (4mg) unchanged, increasing the
concentration of TEOA from 2.5 to 5 vol% apparently
improved the efficiency of H, production. Further increasing
the concentration of TEOA to 10 vol%, however, led to no
obvious increase in the amount of H, production (Fig S97). As
a result, an optimized H, evolution system containing 1x10™* M
C1, 4 mg g-C3Ny, and 5 vol% TEOA in 5 mL CH3CN-H,O (9/1,
v/v) at pH 9.0 was able to photocatalyze H, evolution with a

TON of 234.

pH 9.5 pH 10

I C1/g-CN, |
300 -/ C2/g-C N,
I C3/g-C N,

Fig. 5 pH dependence on the hydrogen production over each system under the
following conditions: TEOA (5 vol%), cobaloxime (1x10* M) and g-C3Ny (4 mg)
in CH;CN-H,O (9/1, v/v) solution; irradiation time 12 h.

To examine the effect of carboxyl group on the
photocatalytic activity, the photocatalytic H, production
experiment by the C3/g-C3N, system was studied under the
same conditions. A total amount of evolved H, reached 97
pumol, corresponding to a TON of 195. The activity of the C1/g-
C;Ny system is higher than that of the C3/g-C;N, system,
indicating that the carboxy group functions satisfactorily as a
linkage for H, evolution. Furthermore, it was found that the
C2/g-C;N, system displayed the highest activity among these
three complexes, with TONs up to 281(Fig. 6). As expected,
both of the C2 molecules, adsorbed on g-C;N, and dissolved in
solution, also displayed the highest H, evolution efficiency
among three (Fig S77). These results indicate that the C2 is the
best co-catalyst for H, production in the current photocatalytic
system, presumably due to m-m interactions between C2 and g-
C3N;,.

The photocatalytic H, production of the C1/g-C;N, system
leveled out after 9 h of irradiation (Fig. 6). To investigate the
reason(s) for the cease of H, generation, after the photocatalysis
reaction, the suspension was filtered and the separated solid

This journal is © The Royal Society of Chemistry 2012
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was washed with water and dried in vacuum. The UV-vis
absorption spectrum of the resulting clear solution is different
from that of the original C1 (Fig. S51). Thus we speculate that
the cessation of H, production may be ascribed to the
degradation of C1. Besides the degradation of C1 after
photocatalysis reaction, the pH value of system changed to 9.6
from 9 after photocatalytic process. After 12 h of irradiation, to
recover H, of the C1/g-C3N, system, the
photocatalytic experiment with readdition of C1 (0.5 pmol) to
the system showed a recovered but lowered activity for
hydrogen evolution under irradiation (Fig. S10f). For
comparison, CoCl, was also tested for the photocatalytic H,
evolution with g-C3N, under the same conditions. The results
show that the photocatalytic activity of the CoCl,/g-C3N,
system is fairly lower than that of the C1/g-CsN, system (Fig.
S117), suggesting that the active species in the current system
is the cobaloxime C1 rather than the decomposed products. The
TEM image of the separated solid is as shown in Fig. S3, which
is similar to the TEM image before irradiation, indicating that
g-C;Ny is stable in the photocatalytic process. No zero-valent
cobalt colloids were observed in the TEM image, which further
proved the active species is also not the zero-valent cobalt in
this system. The XRD pattern of the isolated solid is very
similar to that of the freshly prepared g-C;N,, except for a
decrease in the intensity of the peak at 27.4 degree (Fig. S17).

evolution

——C2/g-CN,
2504 ——C1/g-CN,
——C3/g-C,N,

0 2 4 6 8 10 12
Time/h

Fig. 6 Time dependence of hydrogen production using different cobaloxime
complexes C1 to C3 (1x10™* M) under the following conditions: g-C3N, (4 mg)
and TEOA (5 vol%) in CH3CN-H,O (9/1, v/v) solution (5 mL) at pH 9, error bars
represent standard errors of the means of three independent experiments.

Electrochemical properties

The redox potential of the complexes is crucial to understand
the electron Cyclic
voltammetry studies were performed in CH;CN with BuyNPF¢
The electrochemical

transfer in photocatalytic process.
as supporting electrolyte under N,.
reduction processes of C1-C3 are shown in Fig. S12f. The
reduction potentials are versus Fc'/Fc and are summarized in
Table 3. All Co™ complexes have two reductions, which can be
assigned to Co™/Co™ and Co'/Co', respectively.”® The first
irreversible reduction potentials of C1, C2 and C3 are

confirmed to be at about -1.06, -1.13, and -1.22 V, respectively.

This journal is © The Royal Society of Chemistry 2012

The first potentials of C1 and C2 are anodic shift relative to C3,
which may be attributable to the axial pyridine ligand modified
by electron-withdrawing group (-COOH or -CONH). But there
is no above trend in the second potentials for Co"/Co' couple.
The potentials at the secondary reduction are nearly equal for
the three complexes. The behaviour of electrocatalytic proton
reduction by C1 or C2 was studied by cyclic voltammograms in
the presence of CH3;COOH (Fig. S13-S14%). Overall,
complexes C1 and C2 behaved toward
electrocatalytic proton reduction.

analogously

Table 3 Electrochemical potentials * (vs. Fc'/Fc) for all cobaloximes

Cobaloximes Co"/Co" Co"/Co AG*®
Ein" Eip

Cl -1.06 -1.56 -0.31

C2 -1.13 -1.48 -0.39

C3 -1.22 -1.50 -0.37

*: electrochemical potentials were obtained by cyclic voltammetry studies
under a N, atmosphere with 0.1 M BuyNPF as the supporting electrolyte in
CH;CN. ® irreversible reduction wave. ©: AG = the potential of CB(g-C3Ny) -
E12(Co"/Co'"), CB(g-C3Ny) =-1.87 V

The probable mechanism on the photocatalytic H, production

a —9CN,
—g-C,N+C2
—g-C,N,+TEOA
S —g-C,N,+C2+TEOA
.‘é‘
=]
a
S
=
o
400 450 500 550 600
Wavelength/nm
) g_C3N4
—g-C,N,+C3+TEOA
—g-C,N,+C1+TEOA
—g-C,N,+C2+TEOA
:‘é‘
b=}
£
©
=
o
400 450 500 550 600

Wavelength/nm

Fig. 7 (a) the emission spectra of g-C3;Ny4 (0.8 g/L, 5 mL) suspension in CH;CN-
H,0 (9/1, v/v) solution at pH 9 in the presence of C2 (1x10* M), TEOA (5 vol%),
TEOA (5 vol%) and C2 (1x10™M); (b) the fluorescence quenching of g-C3Ny in
the presence of C1 (1x10™ M), C2 (1x10* M), and C3 (1x10™ M) in 5 vol%
TEOA acetonitrile aqueous solution.
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The estimated reduction potential of g-C3N, is -1.42 V relative
to Ag/AgCl,'® which can be adjusted to -1.87 V versus Fc'/Fc
(E® of F¢'/Fc = 0.45 V vs. Ag/AgCl).%° The reduction potentials
of the catalysts C1-C3 are given in Table 3. According to
Weller-equation, the values of free-energy changes (AG) for
formation of Co! species are determined to be -0.31, -0.39, and
-0.37 V for each system, respectively (Table 3). The negative
AG suggests that it is thermodynamically feasible for
photoinduced electron transfer from the conduction band of g-
C;N, to these catalysts. However, there is no significant
difference in the AG value between the three hybrid systems.

To explore the charge transfer pathways, the steady-state
photoluminescence properties of the C2/g-C;N, system were
investigated in acetonitrile aqueous solution. The g-C3N,
suspension excited at 375 nm results in a maximal fluorescence
emission peak at 459 nm (Fig. 7a). No significant decreases in
fluorescence intensity are observed upon addition of either C2
or TEOA. The reason for this phenomenon may plausibly be
attributed to
electron/hole pairs. However, a larger fluorescence quenching
of g-C3;N4 by 25% upon addition of both TEOA and C2 is
observed, suggesting that both C2 and TEOA are required for
the separation of the photogenerated electron/hole. Based on
hydrogen production experiment and the above spectroscopic

the fast recombination of photogenerated

study, a plausible pathway of the photocatalytic H, evolution
reaction is proposed in Fig. 8. Under visible light irradiation,
the excited state electrons of the valence band of g-C3N,4 would
transport to the conduction band. The conduction-band electron
of g-C5N, can give two electrons to C2 to form to Co' species.
The photogenerated Co' species is protonated to obtain a Co-H
intermediate, which finally reacts with another proton to
generate H,.>® Meanwhile the electron donor TEOA is oxidized
by the photogenerated holes in the valence band.

S

COIII C()l

TEOA
Y H'

TEOA™

Co ”I-]I
g-C3Ny

9.4/,94°sA [enudod “wayo0199]7

Fig. 8 A proposed pathway for the photocatalytic H, evolution by cobaloxime-g-
C3Ny systems.

In contrast, the fluorescence intensity of g-CsN, decreased by

20% and 14% upon addition of C1+TEOA and C3+TEOA (Fig.

7b), respectively. The sequence of the effectiveness quenching
fluorescence of g-CsN, is C2 > C1 > C3, which corresponds to
the order of their photocatalytic H, evolution activity.
According to previous reports on hybrid photocatalytic systems
containing cobaloxime, the photocatalytic activity could be
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influenced by the adsorption amount of cobaloximes on
nanomaterials, the driving force (AG) of electron transfer and
the attachment mode between cobaloxime and nanomaterials.'**
l4a. 1516 However, no apparent difference in terms of the
adsorption amount and the driving force was found between the
present three systems. Therefore, the reason for the activity
difference may be attributed to the attachment mode between g-
C;N, and cobaloximes. Compared with the free-collision mode
between the non-functionalized C3 and g-C;N,, the direct
attachment (i.e., carboxy linkage or m-m interactions) between
end-group functionalized cobaloxime and g-C3N,; could
promote the charge transfer from g-C;N, to the co-catalytic
centres.

Conclusions

Three end-group-functionalized cobaloxime complexes as co-
catalyst were designed and assembled on the surface of g-C;N,
for photocatalytic H, evolution in CH3;CN-H,O (9/1, v/v)
solution at pH 9. The photocatalytic experiments gave the
highest TON of 234, 281 and 195 for C1/g-C;N,, C2/g-C3N,
and C3/g-C;3N, hybrid systems, respectively. The photocatalytic
activity of these systems was attributed to the efficient charge
separation of the excited g-C3N,, which was proved by steady-
state photoluminescence spectra. Among the cobaloximes, the
C2 was superior to C1 and C3 as co-catalyst for H, production,
which may result from the n-n interactions between C2 and g-
C3Ny. Due to the degradation of cobaloxime, the catalytic
lifetime of the hybrid system is short, which motivates us to
seek more stable and effective molecule co-catalysts for g-C3N,.

Experimental section

Chemicals

All chemicals in this work were purchased from commercial

(pyren-1-
complexes [Co(dmgH) (dmgH,)Cl,],%® and
[Co(dmgH),pyCl] (C3)*® were synthesized according to

sources and used without further purification.
ylmethyl)amine,?’

previously described procedures.

Synthesis

The preparation of g-C3N, was following a previously reported
method." Briefly, 10 g dry urea was added to an alumina
crucible with a cover under ambient pressure in air. The
precursor was put in a muffle furnace and heated to 550°C in 2
h and maintained at this temperature for 3 h. The obtained
powders were rinsed several times with distilled water and
ethanol and dried in vacuum at 80°C for 8 h.
N-pyren-1-ylmethyl-isonicotinamide. A mixture of
isonicotinic acid (0.30 g, 2.44 mmol) and thionyl chloride (20
mL) in a round-bottomed flask was refluxed for 5 h with
stirring. Excess thionyl chloride was removed under reduced
pressure until yellow powders of isonicotinoyl chloride were
obtained. A solution of the prepared isonicotinoyl chloride in
20 ml of CH,Cl, was treated with a mixed solution of (pyren-1-
ylmethyl)amine (0.46 g, 2.00 mmol) and triethylamine (3 mL)
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in 20 ml of CH,Cl, with vigorous stirring at 0°C. After addition,
the resulting mixture was allowed to react for another 8 h at
room temperature. Finally, the solvent was evaporated, and the
residue was purified by chromatography on a silica gel column.
Elution with CH;0OH-CH,Cl, (1:5, v/v) furnished pure N-pyren-
1-ylmethyl-isonicotinamide (0.61 g, 91%). Anal. Calcd for
C3HN,O: C, 82.12%; H, 4.79%; N, 8.33%. Found: C,
82.09%; H, 4.81%; N, 8.29%. 'H NMR (400 MHz, CDCl;) &
8.64 (2 H, d, J=5.4 Hz), 8.27 (1 H, d, J=9.2 Hz), 8.24-8.19 (2 H,
m), 8.16 (2H, d, J=8.6 Hz), 8.05 (4 H, dt, J=16.9 Hz, 8.7 Hz),
7.58 (2 H, d,J=5.6 Hz), 6.63 (1 H, s), 5.34 (2 H, d, J=5.1 Hz).
3C NMR (101 MHz, CDCl;) § 165.06, 150.28, 141.50, 131.55,
131.23, 130.68, 130.06, 129.19, 128.64, 127.85, 127.49, 127.31,
126.28, 125.67, 125.56, 125.11, 124.86, 124.66, 122.51, 120.97,
42.80.

[Co(dmgH),(4-COOH-py)C1] (C1). A 0.36 g (1.00 mmol)
sample of [Co(dmgH)(dmgH,)Cl,] was suspended in 40 ml of
CH;CN. One equivalent of isonicotinic acid (0.12 g, 1.00 mmol)
was then added to the flask and heated at 70 °C with stirring for
1 h. The resulting dark-red solution was filtered and left
overnight. Dark-red crystals (0.39 g, 87%) of suitable for X-ray
analysis were obtained. Anal. Calcd for CoCIC4NsO¢H;o-H,O:
C, 36.10%; H, 4.54%; N, 15.04%. Found: C, 36.47%; H, 4.44%;
N, 15. 16%. 'H NMR (400 MHz, CD;CN) & 8.30 2H, d, J =
6.8 Hz), 7.72 (2H, d, J = 6.7 Hz), 2.31 (12H, s).

[Co(dmgH),(N-pyren-1-ylmethyl-isonicotinamide)Cl] (C2).
Triethylamine (0.10 g, 1.00 mmol) was added to a stirred, green
suspension of [CoCl,(dmgH)(dmgH2)] (0.36 g, 1.00 mmol) in
CH;O0H (25 mL), resulting in a brown solution. A solution of
N-pyren-1-ylmethyl-isonicotinamide (0.33 g, 1.00 mmol) in 15
ml of CH,Cl, was added after five minutes and the reaction
mixture was heated at 40 °C for 1 h. The resulting brown
solution was filtered and left overnight. Brown crystals (0.50 g,
76%) of suitable for X-ray analysis were obtained. Anal. Calcd
for CoClC31NgOsH;: C, 56.33%; H, 4.57%; N, 12.71%. Found:
C, 56.47%; H, 4.62%; N, 12.60%. '"H NMR (400 MHz, CDCl,)
6832 (2H,d,J=48 Hz), 822 3 H, d, J=7.8 Hz), 8.14 (2 H, d,
J=9.2 Hz), 8.11-8.00 (3 H, m), 7.98 (1 H, d, J=7.4 Hz), 7.55 (2
H, d, J=4.8 Hz), 6.71 (1 H, s), 5.30 (2 H, s), 2.31 (12 H, s).

Adsorption experiments: a solution of C1, C2 or C3 (2x107°
M, 5 ml) in CH;CN solution was added to g-C3N, (4 mg) in a
schlenk tube. The mixture was stirred for 2 h in the dark and
subsequently centrifuged. The filtered, clear solution was then
measured by UV—visible absorption spectra. The amount of C1,
C2 or C3 adsorbed on g-C;N, was estimated by the absorbance
difference at the absorption peak before and after adsorption on
to g-C3Ny.

Physical measurements

Elemental analyses were carried out on a Vario MICRO
Elemental Analyser. 'H, '*C NMR spectra were performed on
a Bruker Avance III (400 MHz) spectrometer. TEM analyses
were conducted on a JEM-2010 electron microscope at an
acceleration voltage of 200 kV. UV-Vis absorption spectra
were measured on a Perkin-Elmer Lambda 35 UV-Vis
spectrophotometer.
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X-ray diffraction

X-Ray single-crystal data of C1 and C2 were collected on a
SuperNova, Dual, Cu at zero, Atlas diffractometer. Crystal data
collection, refinement and reduction were accomplished with
the CrysAlisPro, Agilent Technologies, Version 1.171.36.28.
The crystal structures were solved by direct methods with
SHELXS-97 and the SHELXL-97
crystallographic software package. All non-hydrogen atoms

refined by using

were refined anisotropically. The hydrogen atoms were added
in a riding model. Details of crystal data are summarized in
Table 4. CCDC-955344 and CCDC-982938 (for C1 and C2)
contain the supplementary crystallographic data for this paper.
Copies of the data can be obtained free of charge from The
Cambridge Crystallographic Data
www.ccdc.cam.ac.uk/data_request/cif. X-ray diffraction (XRD)

Centre via
was used to identify the structure of the g-C;N, before and after
photocatalytic reactions. Diffraction date were collected on a
MiniFlex II diffractometer with Cu Ko radiation(30 KVx15
mA).The 20 scanning range was from 10 degree to 50 degree
with a scanning speed of 4 degree per min.

Table 4 Crystal data and structure refinement details for complex C1
and C2

Complex C1:(H,O)(CH3CN)  C2-(CH30H)(H,0),(CH,Cl,)
Molecule C16H24C1CoNgO7 CesH70CL4Co,N 1,013
formula
Formula weight 506.79 1474.98
T (K) 100.00(13) 100.0(2)
Crystal system triclinic Triclinic
Space group P-1 P-1
a(A) 7.9393(3) 9.5141(4)
b (A) 11.3829(4) 17.4267(9)
c(A) 13.7720(6) 20.3947(10)
o (°) 111.729(4) 75.820(5)
B 101.772(3) 87.861(4)
7 () 99.800(3) 74.763(4)
V(A% 1089.74(7) 3161.8(3)
zZ 2 2
F(000) 524 1528
Deaie (g cm™) 1.544 1.549
R1/wWR2 (I> 0.0394/0.0860 0.0715/0.1822
20()
R1/wR2 (all 0.0447/0.0883 0.0994/0.2066
data)
Goodness of fit 1.084 1.032
Electrochemistry
Electrochemical measurements were made using a CH

instrument Model 630A Electrochemical Workstation. The
cyclic voltammetry experiments were conducted in acetonitrile
solution containing 0.1 M "BuyNPF¢ as the supporting
electrolyte under N,. Glassy carbon and platinum wire were
used as the working and counter electrodes, respectively, and
the potential was measured against the Ag/AgCl reference
electrode and reported relative to the internal reference of
Fc'/Fe=0.00 V.
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Photocatalysis

In a typical procedure, g-C;N,4 (4 mg), C1 (500 pL, 1 mM) and
5 vol% triethanolamine (TEOA) acetonitrile aqueous (9/1, v/v)
solution were added to a Schlenck bottle. The mixture was
magnetically stirred under N, atmosphere for 15 min. The
system was freeze-pump-thaw degassed for three times and
then warmed to room temperature prior to irradiation. The
reaction solution was irradiated at 25 °C using a Xe lamp (300
W) with a cutoff filter (A>400 nm). The gas phase of the
reaction system was analyzed on a GC 7900 instrument with a
5 A molecular sieve column, a thermal conductivity detector,
and using N, as carrying gas. The amount of hydrogen
generated was determined by the external standard method.
Hydrogen dissolved in the solution was not measured and the
slight effect of the hydrogen generated on the pressure of the
Schlenk bottle was neglected for calculation of the volume of
hydrogen gas.
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