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ABSTRACT: Photoreduction of CO2 is considered a challenge due to the
lack of effective photocatalysts with wide-spectrum absorption, active charge
separation dynamically, and CO2 adsorption. Herein, mesoporous Pt/ZnO
nanocomposites with different Pt percentages (0.5−2%) have been
fabricated using the sol−gel process in the presence of a template for CO2
photoreduction during visible-light exposure. Pt nanoparticles (NPs)
deposited onto mesoporous ZnO with a considerable surface area can
effectively promote charge mobility. The mesoporous 1.5% Pt/ZnO
nanocomposite exhibits an optimal CH3OH yield (668 μmol g−1), which
is 18.5-fold larger than that of mesoporous ZnO (36 μmol g−1). The most
photoactive material was the 1.5% Pt/ZnO nanocomposite, producing
CH3OH of 668 μmol g−1, and the production rate of CH3OH over the 1.5%
Pt/ZnO nanocomposite (74.11 μmol g−1 h−1) was increased 20 times in
comparison with ZnO NPs (3.72 μmol g−1 h−1). The enhancement of CO2 photoreduction efficiency over Pt/ZnO nanocomposites
was attributed to the formation of the heterojunction at the Pt/ZnO interface, promoting a lower resistance to charge transfer and a
larger electron transfer to the conduction band. Mesoporous Pt/ZnO nanocomposites offer enhanced accessibility and a larger
surface area. Such an unparalleled mesostructure provides a new framework for the construction and design of photoactive materials
with high-efficiency photocatalysts.

■ INTRODUCTION

CO2 conversion to the value-added chemicals and solar fuels
through solar-driven photocatalysis reactions has been deemed
a favorable and benign approach to tackle the energy and
ecological issues.1−3 The photoreduction of CO2 is, to some
extent, complicated owing to its stabilized structure thermo-
dynamically. To this end, the development of strongly
functional photocatalyst structures has received considerable
attention.4−12 However, diverse photocatalyst materials have
been discussed and researched over the last two decades. Still,
the photoreduction performance has not been well addressed
and needs more research to increase its efficiency. Some
drawbacks to designing a photocatalyst with high efficiency
under illumination are the weak light-absorbing capability and
the low potential of the conduction band (CB) as well as the
fast charge carrier recombination that does not supply
sufficient motive force for the photocatalytic redox reactions.
There are many reports on CO2 conversion through either UV
or visible-light illumination; however, the selectivity and yield
of the main products are still under investigations.13 The
product selectivity during the photoreduction of CO2 is based
on the reduction potential of CO2 and the alignment potential
of the photocatalyst.14 The CB potential of the photocatalysts
should have a larger negative potential than CO2 reduction to
obtain CH3OH as the main product.15 The main drawback of

the obtained photocatalysts is the rapid recombination rate of
carriers due to their narrow band-gap values.
The characteristics of ZnO as a semiconductor with a direct

band-gap energy (3.37 eV)17,19,25 and binding energy (BE)
excitons at 60 meV contribute to its predominant apply in
potential applications, for instance, the photoconversion of
CO2,

2424 detoxification of organic compounds,16−21 and H2

generation.22,23 It has been employed in photocatalysis
applications owing to its catalytic properties, photosensitivity,
inexpensive nature, and high charge mobility rate.19,20,22,26

However, the disadvantage of ZnO acting as a photocatalyst is
that it can only be used in UV light, which covers only 5% of
the sunlight energy.16−18,22 Furthermore, ZnO nanoparticles
(NPs) exhibit a high recombination rate of photocreated
carriers through the photocatalytic process, and they suffer
from light corrosion, making them impracticable as active
photocatalysts.22,27 To avoid the above drawbacks, ZnO has

Received: June 22, 2021
Published: September 3, 2021

Articlehttp://pubs.acs.org/journal/acsodf

© 2021 The Authors. Published by
American Chemical Society

23378
https://doi.org/10.1021/acsomega.1c03259

ACS Omega 2021, 6, 23378−23388

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Soha+M.+Albukhari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adel.+A.+Ismail"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c03259&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03259?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03259?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03259?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03259?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/36?ref=pdf
https://pubs.acs.org/toc/acsodf/6/36?ref=pdf
https://pubs.acs.org/toc/acsodf/6/36?ref=pdf
https://pubs.acs.org/toc/acsodf/6/36?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c03259?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


been synthesized with novel nanostructures to provide a large
surface area or a narrow band-gap energy.16,18 Nanostructures
of ZnO exhibited a significant enhancement on the photo-
catalytic performance, including hollow pencil-like, flower-like,
belt-shaped, rod-shaped, and sea urchin-shaped.18,20,24,28

Highly ordered material structures have been synthesized by
template-assisted30,31 or photolithography processes,29 and
porous films have been mostly synthesized through an
electrodeposition approach.32,33 In addition, the heterojunc-
tion photocatalysts have been fabricated by a simple hydro-
thermal process.17,32 To avoid the limitations of the fast
recombination of photoinduced carriers, ZnO has been
modified by diverse metal oxides, like Pt, Au, Ag, Pd, Cu,
and Co acting as electron sinks, which could significantly
enhance the photocatalytic efficiency.18,26,34−39 Upon illumi-
nation, the electrons in the CB of ZnO migrate to the electron
stores (Ag, Pt, Au, Pd, Cu, and Co) and the holes are left in the
valence band (VB) of ZnO. The construction of the Schottky
obstacle at the interface of metal/ZnO can enhance the
separation performance of carriers.40,41

In this work, we have constructed mesoporous Pt/ZnO
nanocomposites with different Pt percentages (0.5−2%)
through a low-cost and simple sol−gel process in the presence
of a template for CO2 photoreduction during visible-light
exposure, which exhibited a much larger CO2 photoreduction
efficiency than bare ZnO NPs during illumination by visible
light. Pt NPs depositing onto mesoporous ZnO with a
considerable surface area can effectively promote charge
mobility. The most photoactive material was the 1.5% Pt/
ZnO nanocomposite, producing CH3OH of 668 μmol g−1; the
production rate of CH3OH over the 1.5% Pt/ZnO nano-
composite (74.11 μmol g−1 h−1) was increased 20 times in
comparison with ZnO NPs (3.72 μmol g−1 h−1). The proposed
mechanism of CO2 photoreduction efficiency was addressed by
utilization of visible light in wide spectra and the unique
separation performance of electron−hole pairs. We envisage
that the present work reveals new insights into the
construction and design of active photocatalysts for high
CO2 photoreduction efficiency. Synthesis of mesoporous ZnO
NPs through an assembly in the presence of surfactants has
been addressed. The obtained Pt/ZnO exhibited tunable
mesoporous structures, large surface area, narrow pore size
distribution, tailored framework composition, small particle
size, and large pore volume. Mesoporous Pt/ZnO nano-
composites offer enhanced accessibility and larger surface
areas. Such an unparalleled mesostructure provides a new
framework for the construction and design of photoactive
materials with high-efficiency photocatalysts.

■ RESULTS AND DISCUSSION
Material Characterizations. The crystallographic planes

of bare ZnO NPs and mesoporous Pt/ZnO nanocomposites at
various Pt concentrations are illustrated in Figure 1. For X-ray
diffraction (XRD) of bare ZnO NPs, the XRD peaks were
observed at 2O values of ∼31.79, 34.39, 36.18, 47.57, 56.58,
62.88, 67.82, and 69.29°, belonging to the planes of (100),
(002), (101), (102), (110), (103), (200), and (112),
respectively, elucidating the formation of diverse crystal planes
of ZnO.42 The results from the bare XRD ZnO pattern (Figure
1a) confirmed that the diffraction peak was found to be
without any further impurity peaks, demonstrating that the
synthesized mesoporous ZnO NPs revealed considerable
crystallinity and good purity. With the increment of Pt

percentages, the intensities of ZnO diffraction peaks slightly
diminished. The incorporation of Pt NPs at different
concentrations was not observed in XRD patterns owing to
their small particle sizes with uniform dispersion onto the
mesoporous ZnO NPs.
Investigation of the porous network of Pt/ZnO nano-

composites was performed by N2 sorption isotherms. The N2
isotherms (Figure 2) and the distribution of pore size (Figure
2, inset) of the bare ZnO NPs and 1.5% Pt/ZnO nano-
composite were measured. The results indicated that both
samples displayed comparable isotherms of type-IV, which are
features of mesostructured materials.43 The relative pressures
were found to be between 0.45 and 0.93, as clearly seen in
Figure 2 with the inflection maximum, suggesting the presence
of a two-dimensional (2D) mesoporous symmetry. The bare
ZnO revealed a considerable surface area of 150 m2 g−1 and
pore volume of 0.072 cm3 g−1 (Table 1); these values declined
to 139 m2 g−1 and 0.054 cm3 g−1, respectively, as a
consequence of the introduction of 2% Pt NPs. The pore
sizes of all synthesized samples are comparable: 3.84−4.23 nm.
The larger surface area of Pt/ZnO nanocomposites provides
numerous active sites for improving electron collection and
mobility, resulting in enhanced CO2 photoreduction efficiency.
Transmission electron microscopy (TEM) images of ZnO

NPs and 1.5% Pt/ZnO nanocomposites are demonstrated in
Figure 3. ZnO NPs and 1.5% Pt/ZnO nanocomposites as
observed in Figure 3a,b indicate entirely consistent particle size
with a good shape (∼20 nm), and ZnO NPs were highly
distributed. Pore sizes displayed in Figure 3b reveal that the Pt
NPs are disseminated, with a significant quantity of tiny black
dots of Pt diameter ∼2−3 nm (Figure 3b). Figure 3c reveals
the high-resolution TEM (HR-TEM) image, displaying the
interface Pt/ZnO heterojunctions with high crystallinity. The
fringes’ distances were around ∼0.247 and 0.22 nm, with (101)
and (111) planes for ZnO NPs and Pt, respectively. Figure 3c
demonstrates that Pt and ZnO are closely interconnected.
Insets of Figure 3a,c show the selected area electron diffraction
(SAED) patterns of ZnO, which confirm the fabrication of
mesoporous ZnO NPs with a highly crystalline nature.

Figure 1. XRD patterns of the bare ZnO NPs (a) and mesoporous
Pt/ZnO nanocomposites at various Pt concentrations of 0.5% (b), 1%
(c), 1.5% (d), and 2% (e).
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To further examine the surface composition of the 1.5% Pt/
ZnO nanocomposite, X-ray photoelectron spectroscopy (XPS)
spectra with the corresponding O 1s, Zn 2p, and Pt 4f were
performed. As observed in Figure 4a, the binding energy values
of the two main peaks assigned at 71.12 and 74.41 eV were
consistent with Pt 4f7/2 and 4f5/2, which is nearly similar to the
standard Pt0 binding energy, suggesting that Pt0 in a metallic
state incorporated onto mesoporous ZnO surfaces employing
the current photodeposition approach. Figure 4b shows two
peaks appearing at 1021.94 and 1044.91 eV that matched Zn

2p3/2 and Zn 2p5/2 with a variance of 23 eV, respectively, which
indicated that Zn and Pt elements remain predominant in the
formation of Zn2+ and Pt0 on the Pt/ZnO surface. The peak at
O 1s was deconvoluted into two peaks at BEs 530.14 and
531.56 eV, as illustrated in Figure 4c. The peak assigned at
530.14 eV exhibited oxygen in the ZnO lattice for the
fabrication of ZnO,44 and the peak assigned at 531.56 eV is
referred to chemisorbed oxygen on the ZnO NP surface.45

The optical absorption of Pt/ZnO nanocomposites at
various Pt concentrations was computed by determining
UV−vis absorption spectra compared with the bare ZnO
NPs. As seen in Figure 5a, the bare ZnO NPs showed
absorption in the UV region without absorption in visible
spectra with an abrupt absorption edge at around 360 nm
owing to their high band gap (3.3 eV).46 Following bare ZnO
NPs, the absorption edges were red-shifted to larger wave-
lengths at 3.77, 408, 439, and 443 nm over mesoporous 0.5, 1,
1.5, and 2% Pt/ZnO, respectively. In general, the integration of
Pt NPs into mesoporous ZnO led to the absorption of ZnO in
UV light being shifted into the visible-light region. The
corresponding Tauc plot is derived from Figure 5a and
depicted in Figure 5b, and the band-gap values of bare ZnO
NPs and Pt/ZnO nanocomposites at various Pt concentrations
are determined by the equation α(hν) = A(hν − Eg)

n/2 (where

Figure 2. N2 adsorption/desorption isotherms and distribution plots of pore size (inset) of the bare ZnO NPs and 1.5% Pt/ZnO nanocomposite.

Table 1. Textural Characteristics of Pt/ZnO
Nanocomposites at Various Pt Concentrations Compared
with Bare ZnO NPs and Their CH3OH Formation Ratesa

photocatalysts
SBET

(m2 g−1)

band
gap
(eV)

Vp
(cm3 g−1)

pore
size
(nm)

r
(μmol g−1 h−1)

ZnO 150 3.28 0.072 3.84 3.72
0.5% Pt/ZnO 146 2.99 0.070 3.93 31.91
1% Pt/ZnO 145 2.78 0.065 4.08 42.04
1.5% Pt/ZnO 139 2.61 0.061 4.15 74.11
2% Pt/ZnO 135 2.54 0.054 4.23 75.02

ar, methanol formation rate; SBET, surface area; and Vp, pore volume.

Figure 3. TEM images of bare ZnO NPs and 1.5% Pt/ZnO nanocomposites (a, b) and HR-TEM of the 1.5% Pt/ZnO nanocomposite (c).
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Eg, ν, A, and α are the band-gap energy, light frequency, a
constant, and the absorption coefficient, respectively).47,48 The
band-gap value of bare ZnO was estimated to be 3.28 eV,
which reduced to 2.99, 2.78, 2.61, and 2.54 eV for 0.5, 1, 1.5,
and 2% Pt/ZnO nanocomposites, respectively.
Photoconversion of CO2 into Methanol. The photo-

catalytic performances of Pt/ZnO nanocomposites at various
Pt concentrations compared with bare ZnO NPs were
evaluated through CO2 photoreduction in methanol under
continuous visible-light illumination for 9 h. CH3OH
concentration was analyzed as the main product in an aqueous
solution during the photoconversion of CO2 employing gas
chromatography. The blank photocatalytic experiments over
mesoporous Pt/ZnO nanocomposites were conducted without
any photocatalyst, CO2 source, or illumination. The results
revealed that illumination and a photocatalyst are necessary for
achieving CO2 photoconversion. Besides, there were no
products without using a CO2 source, indicating that CO2 is

considered the only carbon source for CH3OH formation. It is
observed that some products might be produced; however,
they were not determined, as the GC was adjusted in
accordance with CH3OH only. In addition, previous studies
revealed that formaldehyde, CO, ethane, and methane could
be detected in the CO2 photoreduction reaction;49,50 however,
only CH3OH was observed and followed in the present study.
The amounts of CH3OH produced over 0.5, 1, 1.5, and 2% Pt/
ZnO nanocomposites were 297, 366, 667.5, and 675 μmol g−1,
respectively, as demonstrated in Figure 6a; meanwhile, the
methanol yield over bare ZnO NPs was found to be only 36
μmol g−1. This amount of CH3OH over the 1.5% Pt/ZnO
nanocomposite was approximately 18.5-fold greater than that
over bare ZnO NPs. The CH3OH formation rates over 0.5, 1,
1.5, and 2% Pt/ZnO were found to be 31.91, 42.04, 74.11, and
75.02 μmol g−1 h−1, respectively, in accordance with bare ZnO
(3.72 μmol g−1 h−1) (Table 1). It is noted that the CH3OH
formation rate for 1.5% Pt/ZnO reaches 74.11 μmol g−1 h−1,

Figure 4. High-resolution XPS (HR-XPS) of the 1.5% Pt/ZnO nanocomposite revealed the presence of Pt, Zn, and O. High-resolution scans of Pt
4f (a), Zn 2p (b), and O 1s (c).
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about 20-fold greater than that for ZnO (3.72 μmol g−1 h−1).
The mesoporous 1.5% Pt/ZnO nanocomposite revealed the
extreme quantity of CH3OH formation because of its
considerable crystallinity and surface area. The improvement
of CO2 photoreduction over the Pt/ZnO nanocomposite can
be explained by the fact that the appropriate CB position of
ZnO is to some extent close to the reduction potential of CO2,
and thus it is utilized for reducing the adsorbed CO2 molecules
onto the ZnO surface, which leads to the transfer of
photoinduced electrons from ZnO to Pt NPs to achieve the
reduction reaction. The proper structure and the existence of
surplus active sites of the mesoporous 1.5% Pt/ZnO
nanocomposite with highly visible absorption expedites not
only the formation of CH3OH but also the interfacial
interaction created by the current procedure, i.e., the sol−gel
process in the presence of the template, which becomes a key
factor in the fast and efficient migration of photoinduced
carriers from ZnO to Pt. Also, mesoporous Pt/ZnO nano-
composites indicated better photoreduction of CO2 into
CH3OH. These findings revealed that two main factors are

responsible for the high photocatalytic performance: (i)
boosted mesoporous Pt/ZnO nanocomposite interfacial sur-
face area; and (ii) maximal absorption of visible light, which
can be achieved with a suitable composition of the mesoporous
Pt/ZnO heterojunction. These factors can expedite effective
photoinduced charge separation, creation, transportation, and
surface reaction.
The effect of catalyst loading is a vital parameter to enhance

the photocatalytic performance, and it was conducted in the
current study. Figure 6b illustrates the yield of CH3OH by
changing the catalyst dosing from 0.6 to 3.0 g L−1. The yields
of CH3OH were estimated to be 467.2, 534, 667.5, 867, and
600.7 μmol g−1 for 0.6, 1.2, 1.8, 2.4, and 3.0 g L−1 of the 1.5%
Pt/ZnO, respectively. The maximum yield of CH3OH (867
μmol g−1) was accomplished upon a catalyst dosing of 2.4 g
L−1. The increase in catalyst dosing produced many charge
carriers providing radical species and more active sites. These
results indicated that when the catalyst loading of the
photocatalyst was larger than 2.4 g L−1, the yield of CH3OH
declined, as depicted in Figure 6b. It might be because of the
reduction in light harvest and agglomeration of nanoparticles,
following which a lower yield of CH3OH was obtained. The
recyclability of the 1.5% Pt/ZnO nanocomposite is also
attributed to the stable morphology of the catalyst after
photoillumination for 45 h. The 1.5% Pt/ZnO nanocomposite
was recycled for five successive cycling experiments. After each
run, the photocatalyst was separated during the centrifugation
process and dried for 12 h at 100 °C. As seen in Figure 6c, the
photocatalytic performance of the 1.5% Pt/ZnO nano-
composite indicated only slight reductions, from 100 to 96%,
for CO2 photoreduction after 45 h of continuous illumination.
There was no change in the features of the XRD peaks of the
1.5% Pt/ZnO nanocomposite after photoreduction of the CO2
photocatalytic reaction, indicating a durable and stable
photocatalyst.
Photoluminescence (PL) spectra are utilized to verify the

photoreduction mechanism of mesoporous Pt/ZnO nano-
composites as the separation of photoinduced carriers plays an
essential role in the photoconversion reactions. PL spectra of
bare ZnO NPs and Pt/ZnO at various Pt concentrations were
performed to evaluate their separation capability, as observed
in Figure 7a. The results indicated that the PL spectral peak
intensity of bare ZnO NPs was assigned a wavelength of 425.4
nm. It is employed as a probe for •OH radical formation, and a
small amount of O2 permanently exists in the photocatalytic
reaction even after Ar purging thoroughly, which could be
reacted with the electrons to provide •O2

− radicals, suggesting
the eventual formation of •OH radicals. However, PL spectral
peak intensities of mesoporous 1.5 and 2% Pt/ZnO nano-
composites dramatically decreased with a slight red shift,
indicating that less energy was fired through the carrier
recombination. This could be attributed to more defects and
trapping sites incorporated by Pt NPs, limiting the extension of
the lifetimes and recombination of charge carriers.51,52 The
results indicated that 1.5 and 2% Pt/ZnO nanocomposites
revealed the best CO2 photoreduction among all synthesized
photocatalysts, which was advantageous for the creation of
enormous active species to participate in the photoreduction of
the CO2 reaction. On the other hand, the photocurrent
intensity was performed for bare ZnO and mesoporous Pt/
ZnO nanocomposites, as obviously elucidated in Figure 7b.
The results indicated the photocurrent responses of Pt/ZnO
nanocomposites over five on−off cycles. Remarkably, the

Figure 5. Diffuse reflectance spectra and the plot of transferred
Kubelka−Munk versus energy of the light absorbed for ZnO NPs and
Pt/ZnO nanocomposites at various Pt concentrations (a, b).
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increase of photocurrent responses was observed during
illumination for all Pt/ZnO nanocomposites, whereas when
the illumination was switched off, the photocurrents rapidly
returned to the initial scales. The trend of photocurrent
responses for the diverse photocatalysts was as follows: ZnO <
0.5%, Pt < 1%, Pt < 1.5%, Pt ≤ 2% Pt/ZnO nanocomposites,
which was in accordance with the PL measurements. The
photocurrent response of the 1.5% Pt/ZnO nanocomposite
was increased by 6.3-fold compared to the ZnO NPs. As
expected, Pt NP-doped mesoporous ZnO indicated a superior
photocurrent response and, accordingly, the highest separation
efficiency of the 1.5% Pt/ZnO nanocomposite. To further
explore the influence of the mesoporous Pt/ZnO nano-
composites on charge recombination, electrochemical impe-
dance spectra (EIS) measurements of bare ZnO and
mesoporous Pt/ZnO nanocomposites were performed under
illumination, as depicted in Figure 7c. The findings indicate
that in the Nyquist plots observed in Figure 7c, the arch in the
spectra of the mesoporous 1.5 and 2% Pt/ZnO photoanodes is
smaller than that of the bare ZnO photoanode, suggesting that
the Pt NP incorporation onto mesoporous ZnO significantly
minimizes resistance to carrier mobility at the interface of the
photoanode/electrolyte and Pt NPs improved the electron

transfer by surface passivation to suppress the recombination
of photoinduced holes and electrons.53 These results invariably
confirm the accomplishment of the highest obtained CH3OH
formation performance over the mesoporous Pt/ZnO nano-
composite.
The exploration of •OH and •O2

− active species is an
efficient method to examine the most important species for
enhancement of photoreduction of CO2. Generally,

•O2
− and

•OH are used to determine charge carriers. Electron spin
resonance (ESR) is utilized to explore molecular oxygen active
species for the formation of CH3OH52 employing 5,5-
dimethyl-1-pyrroline-1-oxide (DMPO). In the dark condition,
the results revealed that no signals, DMPO-•OH or
DMPO-•O2

−, can be determined (data not shown).
DMPO-•OH responses over Pt/ZnO (Figure 8a) indicate
four ESR signals under UV−vis with an intensity ration of
1:2:2:1, which are obtained from the OH−/H2O oxidation by
the generated holes (Figure 8a).55,56 The obtained ESR signals
indicate that •OH radicals are produced through illumination
for 4 min. Figure 8b shows four ESR signals assigned to
DMPO-•O2

−, which are consistent with the O2 reduction using
the photocreated electrons.54 The created electrons on the CB
of ZnO are moved to Pt NPs to reduce O2 to

•O2
−, leaving

Figure 6. Effect of Pt/ZnO nanocomposites at various Pt concentrations on photoconversion of CO2 (a); effect of dosage amount of the 1.5% Pt/
ZnO nanocomposite on photoconversion of CO2 (b); effect of recyclability of the 1.5% Pt/ZnO nanocomposite on photoconversion of CO2 for
five times (c).
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holes in the VB of ZnO to oxidize OH−/H2O to •OH. Thus,
mesoporous ZnO can result in a considerable number of
electrons and holes under illumination.
The CO2 photoreduction over the mesoporous Pt/ZnO

nanocomposite includes three main procedures: (i) superb
adsorption and diffusion of CO2 onto the active sites; (ii)
photoreaction conversion between photoinduced holes and
electrons and CO2; and (iii) proper structure and interfacial
interaction of mesoporous Pt/ZnO. Upon illumination of the
mesoporous Pt/ZnO nanocomposite photocatalyst, electrons
excited from the VB of the ZnO into the CB are comparable to
the holes left behind in the VB (Scheme 1). The improvement
in photoconversion of CO2 using the Pt/ZnO nanocomposite
through illumination was demonstrated by band potential
edges of ZnO and separation efficiency of electron−hole pairs.
The VB and CB of ZnO are estimated by the following
equations57

E E E0.5VB
e

gχ= − + (1)

E E ECB VB g= − (2)

where χ is the semiconductor’s electronegativity, Eg is the
band-gap value, and Ee is the free electron’s energy in the
hydrogen scale (∼4.5 eV). The χ value and the band-gap
energy of ZnO are 5.7958 and ∼3.28 eV, respectively. The
potentials of VB and CB levels were estimated for ZnO
(−0.35/+2.93 eV). Pt NP is an active site for trapping
photoinduced electrons to O2 to produce O2.

− radicals,
indicating an improved photocatalytic efficiency due to its
enormous work function (WF) (∼5.13 eV).59 Interestingly,
the work functions (WFs) of Pt and ZnO are 5.13 and 4.1 eV,
respectively.59,60 It is observed that the WF of Pt is larger than
that of ZnO by 1.03 eV, and this big variance of WF creates a
considerable charge mobility. When the constructed Pt/ZnO

Figure 7. Photoluminescence (PL) spectra (a); transient photocurrent (b); Nyquist plots measured at an applied potential of 0.1 V vs Ag/AgCl
during illumination (c) for mesoporous bare ZnO NPs and Pt/ZnO nanocomposites at various Pt concentrations.
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interface is build, electrons stream from ZnO to Pt to reach the
steady Fermi levels;60 thus, ZnO has a positive charge because
of intense electrostatic existence. The migration and separation
of photoinduced carriers are considered key factors that affect
the CO2 photoreduction efficiency into CH3OH. The obtained
holes may lead to the creation of intermediates or oxidized
products, which could be adsorbed onto the surface of the
mesoporous Pt/ZnO photocatalyst, and this certainly demands
further consideration. It is supposed that during the photo-
reduction reaction some of the liquid products (like CH3OH,
HCHO, or HCOOH) that are produced might get oxidized.
The electrons generated in the CB of ZnO moved to Pt
because of its high electron affinity and work function (Scheme
1). The photoinduced electrons reduced the CO2 molecules
into CO2

•− radicals, producing CH3OH as the main yield.61,62

The CO2 reduction potential value to form CH3OH is
considered the main factor for CO2 reduction into CH3OH.
The Fermi-level equilibrium obtained by the interaction
between Pt and ZnO was constructed at the n−p
heterojunction interface. Thus, an improved CO2 photo-
reduction into CH3OH was achieved. In general, the present
study has evidenced the properties of the physicochemical
catalyst and reaction conditions, which play essential roles in
improving these parameters.61−64 They include the interfacial
surface area, maximization of solar harvesting, the crystallinity
of the synthesized photocatalysts, and band-gap alignments.

The physicochemical photocatalyst properties were obtained
by employing a suitable preparation approach, as clearly seen
in the present study.

■ CONCLUSIONS

Mesoporous Pt-doped ZnO nanocomposites were fabricated
via the sol−gel approach in the presence of a surfactant with a
high surface area for enhancing transportation and separation
of charge carriers and hence promoting photoconversion of
CO2 to yield CH3OH. The obtained mesoporous Pt/ZnO
nanocomposite presented in the visible-light absorption and
large surface area in comparison with previously reported
works. XRD results verified that the synthesized mesoporous
ZnO possesses considerable crystallinity and good purity. TEM
images exhibited that ZnO NPs indicated an entirely
consistent particle size with good shape (∼20 nm) and were
highly crystalline, and the particle size of Pt was ∼2−3 nm.
The synthesized samples displayed comparable isotherms of
type-IV, which are features of mesostructured materials. An
outstanding equilibrium of the Fermi level was obtained in the
mesoporous Pt/ZnO nanocomposite heterojunction, with a
sign for CO2 reduction into CH3OH. The obtained CH3OH
amounts were estimated to be around 297, 366, 667.5, and 675
μmol g−1 for 0.5, 1, 1.5, and 2% Pt/ZnO nanocomposites,
respectively. The maximum amount of CH3OH was obtained
in the 1.5% Pt/ZnO nanocomposite (667.5 μmol g−1), which
is 18.5 times larger than that of ZnO NPs. It is noted that the
CH3OH formation rate for the 1.5% Pt/ZnO nanocomposite
reaches 74.11 μmol g−1 h−1, around 20 times that for ZnO
(3.72 μmol g−1 h−1). Noticeably, the 1.5% Pt/ZnO nano-
composite exhibited optimal conditions for superior CO2
photoconversion into CH3OH. The present study exhibited
Pt/ZnO heterojunctions for functional carriers and to survive
with the redox movements for various photocatalytic reactions.

■ EXPERIMENTAL SECTION

Materials. Zn(NO3)3·6H2O, CH3COOH, HCl, C2H5OH,
Pt(NH3)4(NO3)2, and nonionic surfactant Pluronic F-108
were obtained from Sigma-Aldrich.

Construction of Mesoporous Pt/ZnO Nanocompo-
sites. Mesoporous ZnO nanoparticles were constructed in
Pluronic F-108 to obtain highly dispersed nanoparticles and

Figure 8. ESR signals for DMPO-•OH (a) and DMPO-•O2
− (b) over mesoporous ZnO NPs under UV−vis light illumination for 4 min.

Scheme 1. Schematic of the Proposed Mechanism for the
Mobility of Charge Carriers over the Mesoporous Pt/ZnO
Nanocomposite upon Illumination for Photocatalytic CO2
Reduction to Form CH3OH
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small particle sizes. The obtained nanohybrids were annealed
at 450 °C for 4 h followed by photodeposition of Pt at various
percentages (0.5−2 wt %). The molar ratio of initial materials
ZnO, C2H5OH, F-108, CH3COOH, and HCl was
1:50:0.02:3.75:2.25. In brief, 0.2 g of F-108 was gradually
added in 30 mL of C2H5OH, and then, both 0.74 mL of HCl
and 2.3 mL of CH3COOH were added to the solution during
agitating for 60 min. Then, 3.6 g of Zn(NO3)3.6H2O was
added into the mesophase through agitation. The sol was kept
under humid conditions in the range of 40−80% for 24 h at 40
°C to obtain a gel and then dried for 12 h at 65 °C, and the
resultant dried gel was annealed at 450 °C for 4 h to collect
mesoporous ZnO NPs. Second, to synthesize mesoporous Pt/
ZnO nanocomposites, 1 g of ZnO NPs was dispersed through
sonication in 100 mL of C2H5OH. Subsequently, a particular
quantity of Pt(NH3)4(NO3)2 was added stepwise into the
suspension of the ZnO NP solution subjected to a 300 W
xenon lamp for Pt photodeposition during stirring for 24 h to
obtain 0.5, 1, 1.5, and 2% Pt/ZnO nanocomposites. Then, the
wet powder was collected by a centrifuge, dried at 110 °C
overnight, and was annealed at 300 °C for 3 h.
Characterization. TEM images of bare mesoporous ZnO

NPs and Pt/ZnO nanocomposites were obtained employing a
JEOL JEM-2100F electron microscope. X-ray diffraction
(XRD) was performed in the range (2O) of 20−80° to
investigate the crystallinity of bare mesoporous ZnO NPs and
Pt/ZnO nanocomposites with Cu Kα radiation using a
PANalytical X’Pert PRO MPD. The N2 adsorption/desorption
isotherms of bare ZnO NPs and Pt/ZnO nanocomposites at
−196 °C were determined after degassing at 200 °C for 12 h
employing Quantachrome Autosorb equipment. Photolumi-
nescence (PL) spectra of bare ZnO NPs and Pt/ZnO
nanocomposites were measured applying a luminescence
spectrometer through excitation at 325 nm (RF-5301 PC,
SHIMADZU, 50/60 Hz). X-ray photoelectron spectroscopy
(XPS) of the mesoporous 1.5% Pt/ZnO nanocomposite was
performed to assign the binding states for elements by a
Thermo Scientific K-Alpha spectrometer. UV−vis absorption
spectra for mesoporous Pt/ZnO nanocomposites were
recorded at λ = 200−800 nm by a Jasco V530 UV−visible
spectrophotometer. The electrochemical impedance spectra
(EIS) and photocurrent responses for mesoporous Pt/ZnO
nanocomposites were estimated in a three-electrode system
through an electrochemical analyzer (CHI-660B, China). The
working electrode is the coated ITO glass by the synthesized
photocatalyst in 0.1 M Na2SO4 as the electrolyte solution, and
the film was subjected to a 500 W Xe lamp as a light source in
the presence of a 420 nm cutoff glass filter.
CO2 Reduction under Illumination. The CO2 photo-

reduction runs were conducted in a photoreactor cell,
including a two-necked glass flask (200 mL). A total of 0.1 g
of the photocatalyst was distributed in 100 mL of H2O through
stirring at 80 °C, and then 125 mg of Na2CO3 was gradually
added as a source of CO2. The mixture was injected by N2 gas
to remove dissolved O2 for 30 min before illumination. Then,
0.25 mL of HCl (4 M) was gradually added at a very slow rate
to release CO2 into the solution. To obtain the adsorption
equilibrium of CO2, the suspension was agitated for 60 min in
the dark. Upon illumination, a 300 W Xe lamp was employed
with a fixed cutoff filter at λ = 420 nm to obtain visible light
during the photocatalysis reaction. The above suspension
solution was subjected to visible-light illumination with
magnetic stirring for 9 h. A Shimadzu GC-FID gas chromato-

graph was employed to analyze CH3OH during the photo-
catalytic reaction with a flame ionization detector. The catalyst
was separated from the suspension using a syringe filter
[poly(tetrafluoroethylene) (PTFE)]. The formed CH3OH was
detected in the liquid phase by GC-FID (FID detector
temperature: 275 °C; flow rate: 0.5 mL min−1; and injector
temperature: 250 °C). To examine and quantify the linear
curve of GC with different CH3OH contents, a calibration
curve was derived. The yield of CH3OH was calculated
according to the GC chromatograph of a 2.5 mM CH3OH
level at a single peak of ∼2.46 min retention time. The electron
spin resonance (ESR) was performed utilizing 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) to examine the •O2

− and •OH
species. A total of 5 mg of Pt/ZnO was dispersed in 10 mL of
H2O by sonication for 5 min. Then, 50 μL of DMPO was
mixed with 100 μL of a suspension solution. The ESR signals
were measured through illumination using UV−vis for 4 min.
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