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ABSTRACT We report a simple and general approach to improve the transfer efficiency of

photogenerated charge carriers across the interface between graphene (GR) and semiconductor CdS S

by introducing a small amount of metal ions (Ca> ", (", Mn>", Fe>™, Co> ™, Ni*™, Cu?*, and Zn*")

as “mediator” into their interfacial layer matrix, while the intimate interfacial contact between GR

and (dS is maintained. This simple strategy can not only significantly improve the visible-light-driven

photoactivity of GR—CdS semiconductor composites for targeting selective photoredox reaction,
including aerobic oxidation of alcohol and anaerobic reduction of nitro compound, but also drive a
balance between the positive effect of GR on retarding the recombination of electron—hole pairs

photogenerated from semiconductor and the negative “shielding effect” of GR resulting from the high
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weight addition of GR. Our current work highlights that the significant issue on improving the photoactivity of GR—semiconductor composites via

strengthening interfacial contact is not just a simple issue of tighter connection between GR and the semiconductor, but it is also the optimization of the

atomic charge carrier transfer pathway across the interface between GR and the semiconductor.

KEYWORDS: graphene - semiconductor - mediator - interfacial composition engineering - selective photoredox

ecent years have witnessed a flourish
Rof interest in the use of graphene (GR)

as cocatalyst to construct various
GR—semiconductor composites toward en-
hancing the photocatalytic performance of
semiconductors for solar energy conver-
sion.''? The unique 2D structure and ex-
cellent electronic properties of GR endow
this cocatalyst with the prominent capabil-
ity to accept/transport electrons photogen-
erated from band gap photoexcitation of
semiconductors upon light irradiation.' 32
Therefore, the optimization and manipula-
tion of charge carrier transfer processes
across the interface between GR and
semiconductors is a critically key and
broad theme toward improving the
photocatalytic efficiency of such GR—
semiconductor composite-based artificial
photosynthesis processes.> 79728 To date,
the intimate interfacial contact between GR
and semiconductors has been recognized
to be a key factor for sufficient utilization of
electron conductivity of GR, thus improving
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the photoactivity of GR—semiconductor
composites more efficiently." 32 However,
this significant issue on improving the
photoactivity of GR—semiconductor com-
posites via strengthening interfacial contact
is not just a simple issue of tighter connec-
tion between GR and semiconductors, but it
is also the optimization of interfacial atomic
charge carrier transfer pathways resulting
from the rational synergy interaction be-
tween respective individual components
integrated in GR—semiconductor compos-
ites.® In this sense, it is of crucial importance
to propose conceptual strategies to boost
the photogenerated charge carrier lifetime
and transfer efficiency across the interface
between GR and semiconductors. Unfortu-
nately, to the best of our knowledge, it has
still remained totally unclear for the study in
this significant aspect.' 32

On the other hand, the “shielding effect”
induced by the high weight addition of GR
cocatalyst, due to its opacity which weakens
the light irradiation depth through the
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GR—semiconductor composites and reaction medium,
unavoidably restricts the efficiency of GR in promoting
the photoactivity of GR—semiconductor compos-
ites,2~#67/10.13.1417-20,27,28.30-32 This intrinsic negative
effect leads to the fact that, in order to achieve
an optimal photoactivity enhancement for GR—
semiconductor composites, the weight addition ratio
of GR into the semiconductor matrix is generally no
more than 5%, although the greater addition ratio
of GR is able to positively inhibit the recombination
of electron—hole pairs photogenerated from the
semiconductor,! #67101372126732 g, 3 double-
edged sword role of GR also limits the net efficiency
of promoting the overall photoactivity of GR—
semiconductor composites. These aforementioned two
issues could be regarded as two typical bottlenecks
that restrict the degree of improving the photoactivity
and more efficient fabrication of GR—semiconductor
composites.' 32

Herein, we report a facile, conceptual, and general
strategy via interfacial composition engineering, that
is, introducing a small amount of metal ions (Ca®™,
cr*t, Mn?t, Fe?t, Co?t, Ni2t, Cu?™, and Zn?") into the
interfacial layer matrix between GR and the semicon-
ductor, to significantly improve the visible light photo-
activity of GR—semiconductor composites, while the
intimate interfacial contact between GR and the semi-
conductor is still retained. The results reveal that this
simple approach can optimize the transfer pathway of
photogenerated charge carriers across the interface
between GR and the semiconductor and improve the
lifetime and transfer of charge carriers more effectively
under visible light irradiation. In addition, it can par-
tially offset the shielding effect of GR due to a high
weight addition of GR. Consequently, the photoactivity
of GR—semiconductor composites is remarkably en-
hanced, as evidenced by the aerobic selective oxida-
tion of alcohol and anaerobic reduction of nitro
compound under visible light irradiation. This work
highlights that the optimization of interfacial composi-
tion between GR and semiconductors (e.g., introducing
metal ions or other heteroatoms as interfacial medi-
ator) could offer a conceptually new strategy to boost
the lifetime and transfer efficiency of photogenerated
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charge carriers across the interface between GR and
semiconductors. As a result, the more efficient and
smarter GR—semiconductor photocatalysts would be
achieved toward various targeting applications in solar
energy conversion.

RESULTS AND DISCUSSION

We choose CdS, a well-known 1I—VI semiconductor
with suitable band gap (ca. 2.4 eV) corresponding well
with the spectrum of sunlight, as an example to
prepare a series of CdS—(GR—M) (M = Ca**, Cr*™,
Mn?*, Fe?t, Co®™, Ni*™, Cu®", and Zn*) nanocompo-
sites with different weight addition ratios of GR via a
simple wet chemistry process. One important reason
for choosing CdS as a typical example of semiconduc-
tor is based on the fact that it has been well-established
that the simple, one-step solvothermal treatment of
cadmium acetate (Cd(AC),), dimethyl sulfoxide
(DMSO), and graphene oxide (GO, the precursor of
GR) can directly produce CdS—GR nanocomposites
with excellent intimate interfacial contact>?%3® The
other important reason is that, using this simple sol-
vothermal method, the premodification of GO by
anchoring a few amounts of metal ions does not have
an influence on the formation of CdS on the GR sheet,
and the intimate interfacial contact between CdS and
GR can still be retained, which provides a basic and
reasonable framework to comparatively study the
effect of metal ion addition into the interfacial matrix
between GR and CdS on the lifetime/transfer of photo-
generated charge carriers and the photoactivity for the
nanocomposites of CdS—(GR—M) and CdS—GR under
visible light irradiation.

Our synthesis procedure of CdS—(GR—M) (M = Ca%™,
crt, Mn?t, Fe?t, Co?t, Ni?t, Cu?*, and Zn?") nano-
composites is illustrated in Scheme 1. Graphene ox-
ide (GO), fabricated by the modified Hummers
method,>#26-283033:34 s fynctionalized by the anchor-
ing of a few amounts of metal ions at first. Such a
surface modification of GO can be easily realized by the
electrostatic attractive interaction between positively
charged metal ions (M = Ca*, Cr**, Mn?*, Fe", Co?™,
Ni%™, Cu®", and Zn?") and oxygen atoms of negatively
charged oxygenated functional groups on the GO
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Scheme 1. Flowchart illustrating the fabrication of CdS—(GR—M) (M = Ca’", Cr*", Mn®', Fe*", Co®*, Ni*", Cu*",
and Zn”") nanocomposites in which metal ions are introduced to the interfacial layer matrix between GR and semicon-
ductor CdS.
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surface in water (Figure S1, Supporting Information).
In addition, the possible binding interaction between
metal ions with defect sites on the GO sheet could
also contribute to the effective anchoring of metal
ions onto the GO sheet. The X-ray photoelectron
spectra (XPS) analysis is used to determine the va-
lence state and weight content of metal in the metal-
ion-modified GO (Figures S2—S9, Supporting
Information), such as GO—M. As summarized in Table
S1 (Supporting Information), the valence state of
metal in GO—M is the same as that of the precursor
metal salts, suggesting that the oxygenated func-
tional groups on the GO surface do not reduce these
positively charged metal ions (M = Ca®*, Cr*™, Mn?™,
Fe’™, Co®™, Ni*", Cu®™, and Zn*") to metallic ones
during the present process for GO modification.
The binding of metal ions and oxygen atoms on
the GO surface can also be reflected by the Fourier
transform infrared (FTIR) spectroscopy analysis
on these GO—M samples (Figures S10, Supporting
Information). The weight contents of metal ions (M)
in GO—M are determined to be ca. 2.44, 2.07, 2.02,
2.43, 1.82, 1.12, 1.30, and 3.74%, corresponding to
GO—Ca, GO—Cr, GO—Mn, GO—Fe, GO—Co, GO—N;,
GO—Cu, and GO—Zn, respectively, based on the
XPS quantification analysis (Table S1, Supporting
Information).

In particular, it should be stressed that, during this
step of modification of GO by metal ion anchoring,
sufficient centrifugation and washing treatments are
necessary to completely remove the dissolved chloride
and metal ions in solution or weakly physisorbed metal
ions on GO. This will (i) exclude the detrimental effect
of chloride ions on the formation of CdS resulting from
the reaction of cadmium acetate (Cd(AC),) and the
DMSO solvent because the controlled experiment for
synthesis of CdS using CdCl, instead of Cd(AC), as the
source of cadmium of CdS shows no formation of CdS
in the DMSO solvent via such a solvothermal treatment
process, and (ii) guarantee the strong binding interac-
tion between metal ions (Ca*, Cr**, Mn?T, Fe?*, Co?™,
Ni>™, Cu?", and Zn>") and GO, which will prevent the
subsequent formation of metal sulfides due to the
reaction of GO—M with dimethyl sulfoxide (DMSO)
during the solvothermal treatment. Then, this metal-
ion-modified GO (GO—M) and cadmium acetate are
dispersed into the dimethyl sulfoxide (DMSO) solvent,
subjected to one-step solvothermal treatment,>2%3>
during which the production of CdS nanoparticles,
reduction of insulating GO to electron conducting
GR, and excellent intimate interfacial contact can be
simultaneously achieved. As a result, the CdS—(GR—M)
nanocomposites with different weight addition ratios
of GR are obtained. For comparison, the CdS—GR
counterparts with different weight addition ratios of
GR have also been prepared through the same
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preparation procedure except the addition of GO
instead of metal-ion-modified GO (GO—M).3263>

To rule out the possibility of formation of metal
sulfides resulting from the reaction of metal ions in
GO—M with DMSO during the solvothermal treatment,
we have performed the following controlled experi-
ments. Similar to the modification of GO with binding
of metal ions (GO—M, M = Ca%*, Cr**, Mn?*, Fe?t,
Co?", Ni*™, cu®t, and Zn?"), we have prepared the
sample of GO with binding of metal ion Cd*" (ie,
GO—Cd) using the same preparation procedure as that
of GO—M except using CdCl,. Then, the GO—M and
GO—Cd are subjected to the same solvothermal treat-
ment in the DMSO solvent. The as-obtained samples
are then analyzed by the XRD and Raman analysis. In
the XRD spectra in Figure S11 (Supporting Information),
only peaks corresponding to GR can be observed for
the samples of GR—M (M = Ca*", Cr**, Mn?T, Fe?,
Co®™, Ni**, Cu®", and Zn*™). There are no detectable
diffraction peaks of metal sulfides; however, in distinct
contrast, in addition to the peaks corresponding to GR
for the sample of GR—Cd, two other diffraction peaks at
ca. 26.5 and 44.0° can also be clearly observed, which
are attributed to the (111) and (220) crystal planes of
cubic CdS (JCPDS Card No. 10-0454). To further confirm
the absence of metal sulfides for the samples of GR—M
M = Ca**, C**, Mn?*, Fe’*, Co®", Ni**, Cu®t and
Zn?h), we have further done the contrast Raman
spectra analysis among the samples of GR—M (M =
Ca’t, ¢, Mn**, Fe**, Co®*, Ni*", Cu®*, and Zn*")
and GR—Cd. It is clear to see from Figure S12
(Supporting Information) that, only for the sample of
GR—Cd, the characteristic Raman shift peak of CdS is
clearly observed, which is in line with the XRD spectra.
However, no characteristic Raman shift peaks of metal
sulfides are identified for the samples of GR—M (M =
Ca®", ", Mn?", Fe?™, Co®™, Ni*™, Cu®™, and Zn*").
The XPS spectra (data not shown) also confirm the
absence of sulfur for GR—M; that is, no metal sulfides
are formed for GR—M. This means that, during the
solvothermal treatment process of GO—M (M = Ca*™,
cr3t, Mn?t, Fe?™, Co?™, Ni*t, Cu?t, and Zn?") in the
DMSO solvent, only GO is reduced to GR while the
binding of metal ions is strong enough, thereby in-
hibiting the reaction of GO—M with DMSO to produce
metal sulfides. However, the case is different for the
case of GO—Cd, suggesting that this simple, one-step
solvothermal treatment in the DMSO solvent is exclu-
sive for the formation of CdS instead of other metal
sulfides. This consequently offers a reasonable frame-
work to comparatively study the effect of metal
ion addition into the interfacial matrix between GR
and CdS on the lifetime/transfer of photogenerated
charge carriers and the photoactivity for CdS—(GR—M)
and CdS—GR nanocomposites under visible light
irradiation.
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Figure S13 (Supporting Information) shows the XRD
patterns of CdS—(GR—M) and CdS—GR with different
weight addition ratios of GR, which possess the analo-
gous XRD patterns. The well-resolved broad diffraction
peaks at 26.5, 44.0, and 52.1° can be indexed to the
(111), (220), and (311) crystal planes of cubic CdS
(JCPDS Card No. 10-0454), respectively. The estimated
average crystallite sizes of CdS in CdS—(GR—M) and
CdS—GR based on the Scherrer formula further
indicate that all the samples of CdS—(GR—M) and
CdS—GR with different weight addition ratios of GR
have similar crystallite size of CdS (Table S2, Support-
ing Information). The optical property measurement
(Figure S14, Supporting Information), using the UV—vis
diffuse reflectance (DRS) spectra, shows that the sam-
ples of CdS—(GR—M) and CdS—GR feature the analo-
gous light absorption fingerprint in the visible light
region (500—800 nm); with the increased weight addi-
tion of GR, the visible light absorption of CdS—(GR—M)
or CdS—GR is enhanced gradually, which can be attrib-
uted to the intrinsic background absorption of black
colored GR?~*1426-2830-3234 Tha XRD and DRS results
suggest that the introduction of a few amounts of metal
ions does not have a significant effect on the crystal-
lization process of CdS particles onto the GR surface,
crystal phase, and crystallite size of CdS particles that are
in situ formed on the GR surface and on the light
absorption property of the CdS—(GR—M) and CdS—GR
composites. In particular, the analogous optical proper-
ties between CdS—(GR—M) and CdS—GR indicate that
the metal ions are located in the interfacial layer be-
tween GR and CdS, instead of the doping of metal ions
into the crystalline domain of CdS. This is in agreement
with the above controlled experiment showing the
strong binding of metal ions to the GO surface and thus
that such a solvothermal treatment of GO—M in DMSO
is not able to lead to the formation of metal sulfides
besides CdS.

In the following, we have benchmarked the photo-
activity comparison between CdS—(GR—M) and CdS—
GR under visible light irradiation using two typical
probe reactions including aerobic oxidation of alcohol
and anaerobic reduction of nitro compound. It is
remarkable to find the significant difference in photo-
activity between the two series of samples. As shown in
Figure 1A, the direct coupling of CdS with GR can
improve the photoactivity of CdS moderately. The
optimal weight addition ratio of GR is 5%; that is,
CdS—5% GR shows the highest photoactivity. Under
visible light irradiation for 2 h, the conversion for
oxidation of benzyl alcohol over the optimal CdS—5%
GR photocatalyst is ca. 34%, while over blank CdS (i.e.,
0% GR), the conversion of benzyl alcohol is ca. 26%.
Therefore, it is clear that this improvement in photo-
activity of CdS is fairly limited. However, after the
introduction of a few amounts of metal ions (M =
Ca%™, ¢t Mn2T, Fe?t, Co?™, Ni*t, Cu?t, and zZn?H)

ZHANG ET AL.

Figure 1. Photocatalytic performance of blank CdS,
CdS—GR, and CdS—(GR—M) (M = Ca**, Cr*, Mn?T, Fe?¥,
Co?™, Ni*™, Cu?", and Zn?") nanocomposites with differ-
ent weight addition ratios of GR for (A) photocatalytic
selective oxidation of benzyl alcohol under visible light
(A > 420 nm) for 2 h and (B) selective reduction of 4-nitro-
aniline under visible light irradiation (1 > 420 nm) for
80 min.

into the interlayer matrix between GR and CdS, the
photoactivity toward oxidation of benzyl alcohol is
significantly improved. For example, over the optimal
CdS—10% (GR—Ca) photocatalyst, the conversion of
benzyl alcohol under visible light irradiation for 2 h is
remarkably increased to ca. 73%, which is more than
2 times higher than that over the optimal CdS—5% GR.
Furthermore, for the optimal CdS—(GR—M) photoca-
talysts, the weight addition ratio of GR is remarkably
increased to 10 or 30%. This observation is quite
interesting because, due to the shielding effect of GR,
the optimal weight addition ratio of GR for GR—
semiconductor composite photocatalysts is generally <5%
in order to achieve a proper synergy interaction be-
tween GR and the semiconductor, as widely reported
in previous works regarding the GR—semiconductor
composite photocatalysts regardless of what kind of
probe reaction is taken,! ~#671012716.18-21.26=34 i 0
online profiles for oxidation of benzyl alcohol,
as displayed in Figure 2A, faithfully ensure that the
optimal CdS—(GR—M) photocatalysts exhibit much
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Figure 2. Time-online profiles of conversion of (A) benzyl
alcohol and (B) 4-nitroaniline over blank CdS and the
optimal CdS—5% GR, CdS—10% (GR—Ca), CdS—10% (GR—Cr),
CdS—10% (GR—Mn), CdS—30% (GR—Fe), CdS—30% (GR—Co),
CdS—10% (GR—Ni), CdS—10% (GR—Cu), and CdS—30%
(GR—Zn) nanocomposites under visible light irradiation
(A > 420 nm).

higher photoactivity than both the optimal CdS—5%
GR and blank CdS. In addition, over these optimal
CdS—(GR—M) or CdS—GR photocatalysts, the primary
product for oxidation of benzyl alcohol is benzalde-
hyde with a high selectivity (>95%). Controlled photo-
activity test for benzyl alcohol oxidation over the
GR-M (M = Ca**, ¢, Mn*", Fe*', Co®t, Ni*,
Cu?*, and Zn*") samples under visible light irradiation
for 2 h shows that the as-obtained yield of benzalde-
hyde is generally lower than 2%, thus confirming
that the primary photoactive ingredient is semicon-
ductor CdS.

Such a similar photoactivity trend has also been ob-
served for anaerobic selective reduction of 4-nitroani-
line (4-NA), a typical nitro compound, to p-phenylene-
diamine (PPD) over CdS—GR, CdS—(GR—M), and blank
CdS under visible light irradiation, as shown in
Figures 1B and 2B (for further details, see Figures S15—
S$23 and Table S3 in the Supporting Information). The
high-performance liquid chromatograph (HPLC) anal-
ysis has been used to quantify the distribution of
reactant and product. The results confirm that the
product is primarily dominated by PPD with a high
selectivity (>95%). Furthermore, it is worth noting that
the optimal CdS—(GR—M) photocatalysts for selective
reduction of 4-NA are the same as those for selective
oxidation of benzyl alcohol, indicating that an opti-
mum synergistic interaction between GR—M and CdS
semiconductor has been simultaneously achieved for
these two different selective photocatalytic redox re-
actions. The above results suggest that, on one hand,
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the introduction of a few amounts of metal ions into
the interlayer matrix between GR and CdS can largely
improve the photoactivity of CdS—GR composites and,
on the other hand, counterbalance the shielding effect
induced by the higher weight addition of GR. In other
words, the overall net efficiency of improving the
semiconductor photoactivity is remarkably enhanced
due to the addition of metal ions into the interfacial
layer matrix of GR and semiconductor CdS. In addition,
a controlled photoactivity test for 4-NA reduction
over the GR—M (M = Ca*t, ¢, Mn?", Fe?™, Co®™,
Ni%*, Cu*™, and Zn?") samples under visible light irra-
diation for 2 h shows trace yield of PPD, which confirms
that the primary photoactive ingredient is semiconduc-
tor CdS.

To unveil the origin accounting for the much higher
photoactivity of CdS—(GR—M) than CdS—GR and the
improved optimal weight addition of GR observed in
CdS—(GR—M), we have then comparatively character-
ized the samples with optimal photoactivity by a series
of joint techniques. Figure 3 shows the typical TEM
images of CdS—5% GR, CdS—10% (GR—Ca), CdS—10%
(GR—Cr), CdS—10% (GR—Mn), CdS—30% (GR—Fe),
CdS—30% (GR—Co), CdS—10% (GR—Ni), CdS—10%
(GR—Cu), and CdS—30% (GR—2Zn), from which it can
be seen that all of these samples feature the analogous
microscopic structural morphology. The CdS nanopar-
ticles uniformly carpet the GR surface, forming an
intimate interfacial contact between CdS and GR. To
further glean the microscopic information, we have
taken CdS—10% (GR—Ca) as an example for the HRTEM
analysis. As shown in Figure 4B, the GR layer can be
clearly seen in the edge area of the sample. Due to the
shielding of the CdS layer, we cannot distinguish metal
ions from the HRTEM analysis. However, the presence
of tiny amounts Ca metal ion is confirmed by the
energy-dispersive X-ray (EDX) analysis (panels C and D
in Figure 4). For clarity, the partially enlarged EDX results
from panels D and E are referenced as panels C-1, C-2,
D-1, and D-2, from which the signals of element Ca are
clearly identified. The TEM results suggest that the
difference of structure/morphology between CdS—GR
and CdS—(GR—M) cannot be the primary reason lead-
ing to the significant photoactivity enhancement of
CdS—(GR—M) as compared to CdS—GR.

Since the addition of metal ions does not affect the
coupling structure/morphology between CdS and the
GR sheet, we infer that the role of metal ions may help
optimize the photogenerated charge carrier pathway
or efficiency across the interface between CdS and
GR. In other words, under visible light irradiation, the
electron—hole pairs are generated from semiconduc-
tor CdS due to its band gap photoexcitation. Because
of the excellent electron conductivity of the GR sheet,
the GR platform is able to accept and shuttle the
photogenerated electrons from CdS.' ~3 The presence
of metal ions in the interlayer matrix between CdS and
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Figure 3. TEM images of the optimal (A) CdS—5% GR, (B) CdS—10% (GR—Ca), (C) CdS—10% (GR—Cr), (D) CdS—10% (GR—Mn),
(E) CdS—30% (GR—Fe), (F) CdS—30% (GR—Co), (G) CdS—10% (GR—Ni), (H) CdS—10% (GR—Cu), and (I) CdS—30% (GR—Zn)
nanocomposites.
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Figure 4. TEM (A), HRTEM (B), and EDX (C,D) of the CdS—10% (GR—Ca) nanocomposite; for better clarity, the local regions of
the EDX spectra indicated by the red ovals in panels C and D are enlarged as C-1, C-2, D-1, and D-2; the inset of panel B is the
image of the SAED pattern.

GR could optimize the photogenerated electron trans- conductive GR, by which the lifetime of charge carriers

fer pathway from semiconductor CdS to the electron (electron—hole pairs) is prolonged. This in turn would
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contribute to the photoactivity improvement of the
CdS—GR nanocomposites because, according to the
principle of semiconductor-based photocatalysis,
the lifetime of photogenerated charge carriers is a
key factor affecting the activity of a specific photo-
catalyst." 7323537 Qur inference is verified by the fol-
lowing photoluminescence (PL) analysis. It is well-
known that the PL spectra are widely used as an
effective technique to study surface processes involv-
ing the fate of charge carriers photoexcited from
semiconductors.'>'92%2738 As shown in Figure 5, the
addition of GR into the semiconductor CdS matrix can
decrease the PL intensity. The higher addition of GR
will result in a higher quenching degree of PL intensity,
suggesting the more efficient inhibition of electron—
hole pair recombination.'>'92%27:38 However, as men-
tioned above, the higher addition of GR simultaneously
brings the negative shielding effect, which will lower
the photoactivity > #67131418-21.26=32 Th  the
weight addition ratios of GR for achieving an optimal
photoactivity is generally low (<5%), in order to bal-
ance the positive effect of GR on retarding the recom-
bination of electron—hole pairs photogenerated from
semiconductors and the negative shielding effect
Of GR.274,6,7,13,14,18721,26732

However, when a tiny amount of metal ions is
introduced into the interlayer matrix between CdS and
GR, it is quite interesting to observe the more efficient
quenching of PL intensity for CdS—(GR—M) than that for
CdS—GR. For example, the PL intensity for the optimal
CdS—10% (GR—Ca) is much lower than both CdS—10%
GR and CdS—30% GR. The PL intensity for the optimal
CdS—10% (GR—Cu) is even lower than CdS—50% GR
and CdS—70% GR. These results clearly suggest that the
addition of a few amounts of metal ions can significantly
optimize the charge carrier transfer pathway across the
interface between CdS and GR and thus prolong the
lifetime of photogenerated charge carriers, which con-
sequently leads to the facts that (i) the negative shield-
ing effect of a higher amount of GR can be coun-
terbalanced effectively; and (i) the photoactivity of
CdS—GR is significantly improved. In addition, it should
be noted that there is a moderate difference in the
quenching degree of PL intensity among the samples
CdS—10% (GR—Ca), CdS—10% (GR—Cr), CdS—10%
(GR—Mn), CdS—30% (GR—Fe), CdS—30% (GR—Co),
CdS—10% (GR—Ni), CdS—10% (GR—Cu), and CdS—30%
(GR—Zn), which could mainly result from the dif-
ference of metal ion contents, the microscopic dis-
tribution of different metal ions in the interlayer matrix,
and the intrinsic electronic property of different metal
ions as interfacial mediator between CdS and the GR
sheets.

In addition to the improved lifetime of charge
carriers, the addition of metal ions is also able to
promote the transfer efficiency of charge carriers
across the interface between GR and semiconductor
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Figure 5. Photoluminescence (PL) spectra of blank CdS,
CdS—GR, and CdS—(GR—M) (M = Ca*", Cr*", Mn?", Fe?,
Co?", Ni?", Cu®*, and Zn?") nanocomposites with different
weight addition ratios of GR.
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Figure 6. Electrochemical impedance spectroscopy (EIS)
Nyquist diagrams of blank CdS, CdS—5% GR, and the
optimal CdS—(GR—M) (M = Ca®*, Cr**, Mn?*, Fe?*, Co?",
Ni%*, Cu?*, and Zn?*) nanocomposites in 0.5 M KCl aque-
ous solution containing 0.01 M Ks[Fe(CN)esl/K4[Fe(CN)el
(1:1).

CdS. To shed light on the charge carrier transport
performance of the samples, electrochemical impe-
dance spectroscopy (EIS), as a useful tool to charac-
terize the charge carrier migration of the electrode
materials,*>*° has been conducted for blank CdS,
CdS—5% GR, and the optimal CdS—(GR—M)
(M = Ca**, ¢P*, Mn?*, Fe?*, Co®*, Ni**, Cu**, and
Zn?") electrodes. It can be seen from Figure 6 that the
EIS Nyquist plots of all electrode materials give rise to
semicycles at high frequencies, which corresponds to
the charge transfer limiting process and is ascribed to
the double-layer capacitance in parallel with the
charge transfer resistance at the contact interface
between electrode and electrolyte solution.3*4° As
compared to blank CdS, the optimal CdS—(GR—M)
(M=Ca*",Cr?*, Mn*", Fe*, Co®*,Ni**, Cu**, and Zn*")
electrodes exhibit more depressed semicircles at
high frequencies than does CdS—5% GR, indicating
that the smaller resistance and more efficient transfer
of charge carriers are obtained over the optimal
CdS—(GR-M) (M = Ca**, Cr’*, Mn**, Fe*', Co*",
Ni**, Cu®*, and Zn®") than those over CdS—5% GR.
Besides, cyclic voltammetric technique has also
been employed to study the photoelectrochemical
properties of the photocatalysts. As displayed in
Figure S24 (Supporting Information), the cyclic
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voltammograms of blank CdS, CdS—5% GR, and the
optimal CdS—(GR—M) (M = Ca*", Cr*", Mn?", Fe*',
Co?*, Ni**, Cu®", and Zn?") electrodes show two
reversible anodic and cathodic peaks corresponding
to the one-electron redox process.*'~** The current
density obtained over the optimal CdS—(GR—M) elec-
trodes is larger than that over CdS—5% GR and blank
CdS. This implies that the introduction of a small
amount of metal ions into the interlayer matrix of
CdS and GR can improve the electron transfer across
the contact interface between electrode and electro-
lyte solution.*’ ~** Among the optimal CdS—(GR—M)
(M = Cat, ¢r®f, Mn?T, Fe?", Co?t, Ni**, Cu?*, and
Zn?*) samples, the modestly different degree in en-
hancing the transfer of charge carriers could be pri-
marily explained by the difference in the contents,
microscopic distribution, and intrinsic electronic prop-
erty of the metal ions as interfacial mediator between
GR and semiconductor CdS.

The surface area and porosity analysis has also been
performed for the optimal CdS—(GR—M) and CdS—5%
GR nanocomposites. It can be seen from Figure S25
and Table S4 (Supporting Information) that the
Brunauer—Emmett—Teller (BET) surface areas and pore
structure of the optimal CdS—10% (GR—M) (M = Ca*™,
cr¥t, Mn?*, Ni?*, and Cu?™) are similar to those of
CdS—5% GR, indicating that the significantly enhanced
photoactivity of the CdS—(GR—M) is not attributed to
the difference of surface area and porosity among
these samples but is primarily determined by the more
efficient separation and transfer of photogenerated
electron—hole pairs resulting from the introduction of
a few amounts of metal ions as interfacial mediator
between GR and CdS as discussed above. For the
optimal CdS—30% (GR—M) (M = Fe*", Co®", and Zn*"),
the surface area and porosity volume are both moder-
ately higher than CdS—5% GR, which can be attributed
to the higher weight addition ratio of GR. However, the
higher surface area and porosity volume are not likely
responsible for the remarkably enhanced photoactivity
because, for CdS—(GR—M) with higher weight addition
ratios of GR (e.g., 50 and 70% GR), they have the higher
surface area and porosity volume, but their photoac-
tivity is much lower. This case is similar to that for
CdS—GR photocatalysts, for which CdS—GR with
higher weight addition ratio of GR has higher sur-
face area and porosity volume but the photoactivity
is decreased.>'® Therefore, the difference in surface area
and porosity cannot be the primary factor accounting
for the significant photoactivity enhancement of the
optimal CdS—(GR—M) as compared to CdS—GR.

Furthermore, we have also investigated the
photocatalytic stability of optimal CdS—(GR—M)
samples. As shown in Figures S26—S33 (Supporting
Information), during four successive recycle times,
no apparent activity loss was observed for both
aerobic selective oxidation of benzyl alcohol
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and anaerobic selective reduction of 4-nitroaniline
(4-NA) over the optimal CdS—(GR—M) nanocompo-
sites, indicating that CdS—(GR—M) composites are
able to serve as stable photocatalysts under visible
light irradiation. A series of controlled experi-
ments with addition of different radical scavengers
(Figure S34, Supporting Information) indicate that,
for photocatalytic oxidation of benzyl alcohol over
blank CdS, CdS—5% GR, and the optimal CdS—
(GR-M) (M = Ca*", Cr**, Mn**, Fe**, Co®", Ni*T,
Cu*", and Zn?"), the primary active radical species
are photogenerated holes, electrons, and activated
oxygen (e.g., 05", whose presence is confirmed by the
electron spin resonance (ESR) spectra analysis in
Figure S35). Regarding photocatalytic selective reduc-
tion of 4-NA over blank CdS, CdS—5% GR, and optimal
CdS—(GR—M), the reaction is driven by the photoex-
cited electrons, as revealed by the fact that the addition
of electron scavenger K,S,05 into the reaction system
completely terminates the reaction under visible light
irradiation. These results also suggest that the introduc-
tion of metal ions into the interfacial layer between CdS
and GR plays a negligible role on the underlying
mechanism for photocatalytic oxidation of benzyl alco-
hol and reduction of 4-nitroaniline. The key role of metal
ions is to act as “interfacial mediator” to optimize the
transfer pathway of photogenerated charge carriers and
improve their lifetime and transfer efficiency across the
interface in the composite photocatalysts.

CONCLUSIONS

In summary, we for the first time have demonstrated
a simple and general approach to significantly im-
prove the photoactivity of GR—semiconductor nano-
composites via introducing a tiny amount of metal ions
M = Ca’*, ¢, Mn**, Fe’*, Co®*, Ni**, Cu®*, and
Zn?*) into the interfacial layer matrix between the GR
sheets and semiconductor CdS. Such interfacial com-
position engineering not only optimizes the photo-
generated charge carrier transfer pathway across the
interface between GR and semiconductor and effi-
ciently improves the lifetime/transfer of charge carriers
in the GR—semiconductor systems but also partially
offsets the shielding effect of a greater addition of GR.
Although we now cannot delineate each detail on how
the metal ions as “interfacial mediator” optimize the
atomic charge carriers pathway, our current results
highlight that the more efficient and rational harness
of electron conductivity of GR is not just a simple issue
of tighter interfacial connection between the semicon-
ductor and GR sheet. The optimization of interfacial
composition between GR and semiconductor could
offer a new opportunity to make GR fully play its role
in accepting/transporting photogenerated elec-
trons from semiconductor, by which the more effi-
cient and smarter GR—semiconductor photocatalysts
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would be achieved, instead of joining the GR-driven
“gold rush”® Further effort and systematic work on

METHODS

Materials. Graphite powder, sulfuric acid (H,SO,), nitric acid
(HNOs), hydrochloric acid (HCl), potassium persulfate (K;S,0sg),
phosphorus pentoxide (P,0s), potassium permanganate (KMnQO,),
hydrogen peroxide, 30% (H,0,), calcium chloride (CaCly),
chromium(lll) chloride hexhydrate (CrCls - 6H,0), manganese(ll)
chloride tetrahydrate (MnCl,-4H,0), iron(ll) chloride tetra-
hydrate (FeCl,-4H,0), cobalt(ll) chloride hexahydrate
(CoCl,-6H,0), nickel(ll) chloride hexahydrate (NiCl,-6H,0),
copper(ll) chloride dihydrate (CuCl,-2H,0), zinc chloride
(ZnCly), cadmium acetate (Cd(CH3COO),-2H,0), dimethyl
sulfoxide (C;HesOS, DMSO), benzyl alcohol, 4-nitroaniline
(CeHgN205), ammonium oxalate ((NH,4),C,04, AO), benzoqui-
none (CgH;0,, BQ) and tert-butyl alcohol (C4H;,0, TBA) were
obtained from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China). Benzotrifluoride (C;HsFs, BTF) was purchased
from Alfa Aesar China (Tianjin, China). All materials were analy-
tical grade and used as received without further treatment.
Deionized water was supplied by local sources.

(atalyst Preparation. Fabrication of Graphene Oxide (GO). Graphene
oxide (GO) was fabricated by a modified Hummers method that
involves a strong oxidation and exfoliation process of natural
graphite powder in a liquid phase3® The details of the typical
process is referenced in previous reports >426-283034

Preparation of GO—M (M = Ca®*, CP*, Mn?T, Fe**, Co*™,
NiZT, Cu**, and Zn**). The precursor salts of Ca, Cr, Mn, Fe, Co,
Ni, Cu, and Zn were dissolved in deionized water to produce the
corresponding solution at a concentration of 10 mM. In the typical
preparation process, a certain volume of the salt precursor solution
was added to 200 mL of 0.5 mg-mL™" uniform-dispersed GO
aqueous solution. Then, the above mixture was kept stirring for 2 h
at room temperature. Afterward, the reaction mixture was centri-
fuged and washed with deionized water several times followed by
drying at 60 °C. Then, the GO—M (M = Ca*", Cr**, Mn?", Fe?™,
Co?*, NiZ*, Cu**, and Zn?*) was obtained.

Preparation of CdS—(GR—M) Composites. The preparation
process is vividly delineated in Scheme 1. The given amount of
the as-prepared GO—M was dispersed in 40 mL of DMSO by
ultrasonication to obtain the homogeneous GO—M—DMSO dis-
persion into which 0.4 mmol Cd(CH;COO),-2H,0 was added.
The above mixture was stirred for 30 min and then transferred to
a 50 mL Teflon-lined stainless steel autoclave to undergo a
solvothermal treatment at 180 °C for 12 h. Afterward, the
products were cooled to room temperature, separated by cen-
trifugation, and then washed with acetone and absolute ethanol
for three times and one time, respectively. After a drying process
at 60 °C in an electric oven, a series of CdS—(GR—M) nanocom-
posites with different weight addition ratios of GR were obtained.

Preparation of CdS—GR and Blank CdS. For comparison
purposes, CdS—GR was synthesized via the same solvothermal
treatment as that of CdS—(GR—M) nanocomposites using GO
instead of GO—M. Blank CdS was synthesized via the same
solvothermal treatment in the absence of GO or GO—M.

Catalyst Characterization. Zeta-potentials () measurement in
deionized water were determined by dynamic light scattering
analysis (Zetasizer 3000HSA) at room temperature of 25 °C.
X-ray photoelectron spectroscopy (XPS) measurement was
carried out on a Thermo Scientific ESCA Lab250 spectrometer,
which consists of monochromatic Al Ka as the X-ray source, a
hemispherical analyzer, and a sample stage with multiaxial adjust-
ability, to obtain the surface composition of the sample. All of the
binding energies were calibrated by the C1s peak at 284.6 eV. The
Fourier transform infrared spectroscopy (FTIR) experiments were
carried out on a Nicolet Nexus 670 FTIR spectrometer with a DTGS
detector. The Raman spectra were recorded on a Renishaw inVia
Laser Raman confocal microspectrometer with the laser at 532 nm.
The phase composition of the samples was characterized by
the powder X-ray diffractometer (XRD, Philip X' Pert Pro MPP) with
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fabricating efficient GR—semiconductor composite
photocatalysts along this line are in progress in our lab.

Ni-filtered Cu Ko radiation (1 = 1.5418 A) in the 20 range from
10 to 80° with a scan rate of 0.02°/0.1 s. UV—vis diffuse
reflectance spectroscopy (DRS) on a UV—vis spectrophotometer
(PerkinElmer Lambda 950 UV—vis—NIR) was used to measure
the optical properties of the samples with BaSO, as the internal
reflectance standard. The morphology of the samples and the
corresponding elemental mapping spectra were analyzed by
transmission electron microscopy (TEM) using a JEOL model
JEM 2010 EX instrument at an accelerating voltage of 200 kV.
The photoluminescence (PL) spectra for solid samples were
obtained on an Edinburgh Analytical Instrument FLS 920 spec-
trophotometer with the excitation wavelength of 358 nm. The
electrochemical analysis was carried out in a conventional
three-electrode cell using a Pt plate and a Ag/AgCl electrode
as the counter electrode and reference electrode, respectively.
The working electrode was prepared on fluorine-doped tin
oxide (FTO) glass that was cleaned by sonication in ethanol
for 30 min and dried at 80 °C. The boundary of FTO glass was
protected using Scotch tape. The 5 mg sample was dispersed in
1 mL of N,N-dimethylformamide (DMF) by sonication to get a
slurry. The slurry was spread onto the pretreated FTO glass. After
air drying, the working electrode was further dried at 120 °C for
2 h to improve adhesion. Then, the Scotch tape was unstuck,
and the uncoated part of the electrode was isolated with epoxy
resin. The exposed area of the working electrode was 0.25 cm?.
The electrochemical impedance spectroscopy (EIS) experi-
ments and cyclic voltammograms were conducted on a CHI
660D workstation (CH instrument, USA) in the electrolyte of
0.5 M KCI aqueous solution containing 0.01 M Ks[Fe(CN)el/
K4[Fe(CN)g] (1:1) under open circuit potential conditions. Micro-
meritics ASAP2010 equipment was used to determine the
nitrogen adsorption—desorption isotherms and the Brunauer—
Emmett—Teller (BET) surface areas at 77 K. The sample was
degassed at 140 °C for 5 h and then analyzed at 77 K. The
relative pressure (P/Py) range used for calculation of BET surface
area was from 0.05 to 0.35. The radical species were analyzed by
an electron spin resonance (ESR) spectrometer (Bruker EPR
A300). In detail, the sample (5 mg) was dispersed in 0.5 mL of
purified benzotrifluoride (BTF), into which 20 uL of 5,5-dimethyl-
I-pyrroline-N-oxide (DMPO)/benzyl alcohol solution (1:10, v/v)
was added. The mixture was oscillated to obtain a well-blended
suspension. The irradiation source (1 > 420 nm) was a 300 W Xe
arc lamp system, the very light source for our photocatalytic
selective oxidation of alcohols. The parameters for the ESR
spectrometer were as follows: center field = 3512 G, microwave
frequency = 9.84 GHz, and power = 2.00 mW.

Catalyst Photoactivity. The photocatalytic selective oxidation
of benzyl alcohol was performed as done in previous
research.*26~28:303444-50 A mixture of benzyl alcohol (0.1 mmol)
and 8 mg of photocatalyst was dispersed in the solvent of
oxygen-saturated benzotrifluoride (BTF) (1.5 mL). The above
mixture was transferred into a 10 mL Pyrex glass bottle filled
with molecular oxygen at a pressure of 0.1 MPa and stirred for
30 min to make the catalyst blend evenly in the solution. The
suspensions were irradiated by a 300 W Xe arc lamp (PLS-SXE
300, Beijing Perfect Light Co., Ltd.) with a UV-CUT filter to cut off
light of wavelength <420 nm. After the reaction, the mixture
was centrifuged at 12 000 rpm for 20 min to completely remove
the catalyst particles. The remaining solution was analyzed with
an Agilent gas chromatograph (GC-7820). The assignment of
products was confirmed by a Hewlett-Packard gas chromato-
graph/mass spectrometer (HP-5973GC/MS). Conversion of ben-
zyl alcohol, yield, and selectivity of benzaldehyde was defined
as follows:

conversion (%) = [(Co — Cga)/Col x 100
yleld (%) = CBAD/CO x 100
selectivity (%) = [CBAD/(CO — Cga)l x 100
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where G is the initial concentration of benzyl alcohol, and Cga
and Cgap are the concentration of the substrate benzyl alcohol
and the benzaldehyde, respectively, at a certain time after the
photocatalytic reaction.

The photocatalytic selective reduction of 4-nitroaniline
(4-NA) to p-phenylenediamine (PPD) was performed in a self-
designed photochemical reactor equipped with an electromag-
netic stirrer.>" In a 100 mL glass flask equipped with a magnetic
stir bar and a three-hole plug, 10 mg of catalyst was dispersed
in 30 mL of a 20 mg-L~" aqueous solution of aromatic nitro
compounds with 20 mg of ammonium oxalate (AO) as hole
scavenger.>>*® The mixture was stirred in the dark for 1 h to
ensure the establishment of adsorption—desorption equilibri-
um between the sample and reactant. Then, the above suspen-
sion was irradiated with a 300 W Xe arc lamp (PLS-SXE 300,
Beijing Perfect Light Co., Ltd.) with a UV-CUT filter to cut off light
of wavelength 1 < 420 nm. During the process of the reaction,
3 mL of sample solution was taken from the reaction system ata
certain time interval. Then, the solid photocatalyst was imme-
diately separated from the mixed phase by centrifugation, and
the remaining supernatant was analyzed on a Varian UV—vis
spectrophotometer (Cary 50, Varian Co.). The whole experimen-
tal process was conducted under N, bubbling at the flow rate of
80 mL-min~". A Shimadzu high-performance liquid chromato-
graph (HPLC-LC20AT equipped with a C18 column and SPD-
M20A photodiode array detector) was used to further investi-
gate the assignment of products based on an external standard
method. Conversion of 4-NA, yield and selectivity for the target
product PPD were defined as follows:

conversion (%)
yield (%)
selectivity (%)

[(Co —G)/Col x 100
[(Co/Col x 100
[Co/(Co — C1 x 100

where C, is the initial concentration of 4-NA, and C, and
C, are the concentrations of reactant 4-NA and product
PPD, respectively, at a certain time after the photocatalytic
reaction.
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