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The selective hydrogenation of a—f unsaturated carbonyl compounds requires a catalyst with a suitable
combination of the support and active sites to activate a specific functional group. In this work, ZnO and
g-C3N4(CN) nanocomposite (ZnO/CN) supported Ru catalysts were synthesized for thermal and
photochemical selective hydrogenation of cinnamaldehyde (CAL). Under thermal conditions, formic acid
(FA) was employed as a hydrogenating agent in water, and 85% cinnamyl alcohol (COL) selectivity was
achieved with nearly complete CAL conversion. The acidity of ZnO activated the C=0O group of CAL, the
basicity of CN facilitated the adsorption of FA, and the decorated Ru assisted the FA to H, formation
leading to the selective production of COL. A FT-IR study confirmed the effective adsorption of CAL
through C=0, yielding the selective formation of COL. In contrast, under photochemical conditions,
hydrocinnamaldehyde (HCAL) was the selective hydrogenation product that was formed due to the
efficient migration of charge carriers at the interface of the Z-scheme heterojunction of CN and ZnO.
The synergistic effects at the interface were crucial for the charge transfer mechanism, enhancing the
charge carriers' lifetime and enabling excellent charge separation under photocatalytic conditions.
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Introduction

The selective reduction of a-B unsaturated carbonyl
compounds is attractive to researchers and industrialists.®
Cinnamaldehyde (CAL), a typical example of o—B unsaturated
carbonyl compounds, has gained interest over the last two
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relationship and to conclude the plausible reaction mechanism under both conditions.

decades due to the vast demand for its hydrogenated products,
cinnamyl alcohol (COL) and hydrocinnamaldehyde (HCAL), due
to their applications in pharmaceutical, cosmetics, flavorings,
and fine chemicals industries.>* The selective synthesis of COL
is challenging because the adsorption and reduction of C=C
are kinetically and thermodynamically favourable over C=0.*
Uncontrolled hydrogenation produces the fully hydrogenated
product hydrocinnamyl alcohol (HCOL) (Scheme 1).° The
selective synthesis of COL has been achieved with a few
heterogeneous catalysts, which are mainly Ir and Pt-based and
are non-preferable for industrial exploration due to their high
cost.®”

A low-cost Ru-based catalyst has shown promising activity
for the selective hydrogenation of o unsaturated aldehydes to
o—B unsaturated alcohols.**® Research has been conducted to
increase the catalytic efficiency of Ru by modulating the nature
of the support, hydrogenating agents, and introducing a second
metal with Ru, solvents, and reaction conditions.**™* The
introduction of a second metal is witnessed to improve the
efficiency but inevitably adds to the cost." Good metal-support
interaction improves the metal dispersion, stability, and selec-
tivity, owing to more efficient catalysis. N-containing carbon
supports such as C;N, (CN) exhibit considerable basicity due to
high N content, which holds the metal nanoparticles,

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 The possible products formed in the selective hydrogenation of cinnamaldehyde.

preventing the deactivation of the catalyst.">'® The incorpora-
tion of metal oxides assists in establishing the interaction
between the carbonyl group of the substrate and the catalyst
surface through effective adsorption of C=O, resulting in
selective hydrogenation due to the Lewis acidic character of
metal oxides."” Primarily, molecular hydrogen is used as
a hydrogenating agent for o—f unsaturated compounds.*>*
However, the process becomes more challenging when H, is
substituted by indirect hydrogenating agents such as formic
acid, as maintaining alcohol selectivity is difficult.>* We have
recently developed metal-free and metal-based catalysts for
utilizing formic acid as an H, and formylation source to form
selective products.”>?* In addition to the catalyst design, the
solvent governs the activity and product selectivity. Water is
preferable in developing sustainable catalytic protocols. Due to
its dipolar nature, water is effective in hydrogenating C=0 over
C=C in unsaturated substrates.>*?® Moreover, the water mole-
cules undergo a hydrogen exchange with the formic acid and,
thus, accelerate the reaction kinetics.**

Besides thermocatalytic exploration, cinnamaldehyde
reduction can also be explored under photocatalytic conditions
with different light sources.*” Generally, COL is detected as the
primary product, and very few reports suggest the formation of
HCAL as a major product under photocatalytic conditions.*
Most of the photocatalytic processes are based on noble-metal
catalysts. A bimetallic catalyst composed of Au and Pd deco-
rated on an acidic support offered good selectivity for HCAL
(91%).>* A fully hydrogenated product, hydrocinnamyl alcohol
(HCOL), was observed as the final product over a transition
metal catalyst.*>*¢ Thus, designing an economic catalyst without
compromising the HCAL selectivity needs to be developed.

Herein, a Ru decorated ZnO/g-C3;N, catalyst is synthesized
for the selective hydrogenation of cinnamaldehyde under
thermocatalytic and photocatalytic conditions. Under thermal
conditions, COL was obtained with 85% selectivity in water with
formic acid as a hydrogen source. To the best of our search, it
will be the first report wherein formic acid has been utilized as
a hydrogen donor for the selective hydrogenation of cinna-
maldehyde in water. Interestingly, ~100% selective production
of HCAL was achieved under photocatalytic conditions (visible
light). The interface formation between g-C;N, (CN) and ZnO
was key in the charge transfer mechanism, enhancing the
charge carriers' lifetime and resulting in excellent charge

This journal is © The Royal Society of Chemistry 2023

separation under photocatalytic conditions. Two different
products by switching thermocatalytic to photocatalytic condi-
tions make this study exciting and would attract significant
attention from researchers in diverse areas.

Experimental
Preparation of ZnO(X)/CN nanocomposites

The detailed synthesis procedures of ZnO and CN, and their
properties are provided in the ESL. 1 g of CN was dispersed in
100 mL of ethanol and stirred for 30 minutes. A specific quantity
of zinc acetate (1, 1.5, and 2 g) was added and stirred until the
complete evaporation of the ethanol at 80 °C. The dried mate-
rials were calcined at 400 °C for 3 h, and the resultant materials
are denoted as ZnO(X)/CN (where X = 1, 1.5, and 2 g of
Zn(OAc),-2H,0).

Preparation of (Y%) Ru@ZnO(X)/CN nanocomposites

The ZnO(X)/CN composites were dispersed in 50 mL of ethanol
and subjected to sonication for 30 minutes. Subsequently,
predetermined quantities of RuCl;-xH,0 were dissolved in 10
mL of ethanol and added dropwise to the ZnO(X)/CN solution
under continuous stirring. The resulting solution was stirred at
80 °C until the complete evaporation of ethanol. The materials
were then dried at 75 °C in an oven overnight. The synthesized
materials were reduced in a tube furnace at 300 °C for 3 h with
a ramp rate of 5 °C min~ %, in a 10% H,/Ar atmosphere to yield
Y% Ru@ZnO(X)/CN (where Y = 0.5, 1, 1.5, 2, and 3 w% Ru).

Catalytic reactions

Elaborated catalytic protocols are presented in the ESLT The
photocatalytic setup used in this study is shown in Fig. S1.f The
details of quantification, gas analysis, quantum yield calcula-
tions, etc., are provided in the ESL{

Results and discussion

The synthesis of the Ru@ZnO/CN catalyst was carried out in
three steps. Initially, urea was calcined to prepare CN. In the
second step, a specific amount of zinc salt was impregnated into
CN. By calcination, ZnO/CN composites with different amounts
of ZnO were prepared. Desired quantities of Ru salts were
impregnated into the composites, followed by a reduction in
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Scheme 2 Schematic presentation for the synthesis of Ru@ZnO/CN nanocomposites.
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Fig. 1 XRD patterns of (a) ZnO and ZnO(X)/CN nanocomposites, and (b) (Y%) Ru@ZnO(X) CN catalysts.

a tube furnace in a H,/Ar atmosphere to yield Ru@ZnO/CN. The
step-wise synthesis procedure is presented in Scheme 2.

Physicochemical characterization

The degree of purity of the materials was evaluated using
Powder X-ray Diffraction (XRD) analysis. The diffraction pattern
exhibited characteristic peaks corresponding to the (100), (002),
and (101) crystallographic planes of ZnO (JPCDS card number
36-1451), which were observed at 26 values of 31.8°, 34.4°, and
36.3°, respectively (Fig. 1a).”” The sharp peaks indicate the
crystalline and hexagonal (wurtzite) structure of ZnO.*® The
intensity of the planes (100) and (101) is relatively higher than
that of (002), suggesting the dominance of rod-like ZnO over
filament-like ZnO,”** but the (002) plane confirms the co-
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existence of both the phases, confirmed by the SEM images
(discussed later).

All the ZnO/CN nanocomposites have a distinctive peak at
27.4°, attributed to the (002) plane of graphitic carbon of CN
(Fig. 1a).* Decrease in the intensity of (002) was observed with
increasing ZnO content (Fig. 1a). It indicates the successful
formation of the ZnO/CN composites where (002) plane inten-
sity varies with the amount of CN in nanocomposites. Fig. 1b
shows the XRD patterns of the Ru-decorated ZnO/CN compos-
ites. For better presentation, a plot keeping the intensity at the
same scale on the Y-axis for all the catalysts is provided
(Fig. S2at), indicating no change in the intensity of CN with
increasing Ru content. No peaks corresponding to Ru NPs were
observed. For an accurate determination of the existence of Ru
NPs, a 10% Ru/SS catalyst was prepared by loading 10 weight %

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 FESEM images of (a) CN, (b) ZnO, and (c) the ZnO(1.5)/CN nanocomposite, (d)—(e) HRTEM image of the 1% Ru@ZnO(1.5)/CN nano-
composite, (f) magnified image of a portion of the image (e) showing the interface between ZnO and CN, (g) image showing fringes of ZnO from

a selected domain, and (h) image showing fringes of ZnO and Ru.

of Ru NPs on silica spheres. The material was reduced
employing the same reduction conditions as were used for the
preparation of Ru-decorated ZnO(1.5)/CN catalysts. The XRD
pattern of 10% Ru/SS shows intense peaks ascribed to different
planes of the Ru NPs (Fig. S2bt) corresponding to the JCPDS
card number 6-663. Comparing the XRD patterns of 10% Ru/SS
and Ru-decorated ZnO(1.5)/CN, no peak corresponding to Ru
NPs was observed in Ru-decorated ZnO(1.5)/CN catalysts. No
diffraction peak corresponding to Ru NPs in the catalysts
synthesized in this study is attributed to lower % Ru loading,
small size, and high dispersion of Ru NPs.

The surface morphology of the catalysts was examined by
scanning electron microscopy (SEM), and an irregular
morphology was observed in the SEM image of ZnO at low
magnification. On higher magnification, a mixture of rod and
filament-like ZnO was observed with rods in excess, as sug-
gested by the XRD analysis (Fig. S3a and bt}).*® The SEM images
of ZnO/CN composites are provided in Fig. S3c-e,T and the SEM
images of 1% Ru@ZnO(1.5)/NC and 3% Ru@ZnO(1.5)/NC are
provided in Fig. S3f and g.t The FESEM images of the ZnO(1.5)/
CN composite show rods of ZnO distended outwards from the
sheets of CN, which proposes the 3-dimensional growth of ZnO
over the sheet-like morphology of CN, confirming the stacked
interlinked network at the interface of the two materials (Fig. 3¢
and d). The HR-TEM images of 1% Ru@ZnO(1.5)/NC confirm
the ZnO and CN phases. ZnO nanorods are visibly protruding
outwards from the nanosheets of CN, forming an interface
between the two materials (Fig. 3e and f). The (002) plane of
hexagonal wurtzite ZnO was identified as the source of lattice
fringes with a d-spacing of 0.261 nm (Fig. 3g).*° In Fig. 2h, the
distant lattice fringes, at 0.200 and 0.253 nm, are associated
with the (101) plane of metallic Ru NPs and (011) of ZnO, which
suggests the successful Ru(0) incorporation in the 1%
Ru@ZnO(1.5)/NC catalyst.*** Similar trends are observed for
3% Ru@ZnO(1.5)/NC (Fig. S3h-jt). The atomic % and metal
dispersion of 1% Ru@ZnO(1.5)/NC and 3% Ru@ZnO(1.5)/NC

This journal is © The Royal Society of Chemistry 2023

catalysts were analyzed by EDS and elemental mapping
(Fig. S4 and S57). The elemental mapping demonstrates that Ru
is homogeneously dispersed on the ZnO/CN nanocomposite.
X-ray photoelectron spectroscopy analysis was conducted for
the 1% Ru@ZnO(1.5)/CN and 3% Ru@ZnO(1.5)/CN to examine
the chemical states of the elements. The catalyst comprises Ru,
Zn, C, N, and O, specified by the surface survey scan of 1%
Ru@ZnO(1.5)/CN (Fig. 3a). The Zn XPS spectrum is composed
of two peaks, at binding energies of 1044.8 and 1021.7 eV,
assigned to the Zn 2p;,, and Zn 2p;, peaks of Zn**, respec-
tively.*® The O 1s exhibits four peaks at binding energies 533.0,
531.4,531.7,and 530.4 eV associated with Ru-O, defects present
in the framework, O-H groups attached to the CN sheets, and
the lattice oxygen (Zn-O), respectively.** N 1s was deconvoluted
into three peaks, 400.8 eV (NH,, amine functional groups),
399.8 (NC;, tertiary nitrogen), and 398.5 eV (pyridinic N).** The
dominance of the pyridinic N is in accordance with the urea-
derived pristine CN. The high-resolution spectrum for C 1s is
composed of three peaks. The peaks at 287.9, 284.8, and 284.1
are ascribed to sp® hybridized N-C-N carbon, (C);-N bonded
carbon, and C-C bonded carbon.*® The peak at 284.47 is due to
the overlapping of Ru 3d and C 1s and the high intensity is due
to the merger of Ru and C signals.*® Furthermore, the greater
peak intensity of C 1s in 3% Ru@ZnO(1.5)/CN (Fig. S6et) than
that of 1% Ru@ZnO(1.5)/CN confirms this observation. Fig. 3e
shows the deconvoluted peaks for Ru 3d and C 1s. For the sake
of clarity and better understanding, Ru 3p was considered for
the further confirmation of chemical states (Fig. 3f), which also
consist of an intense peak at 475.2 for Zn LMM" (refer to
surface scan, Fig. 3a) due to which Ru 3ps/, and Ru 3p,,, were
deconvoluted separately (Fig. 3g and h). Fig. 3g shows two
deconvoluted peaks of Ru 3ps/, at 461.9 and 464.4 eV corre-
sponding to Ru(0) and Ru(+4). Similarly, Fig. 3h shows peaks at
483.6 and 486.3 eV for Ru 3p;/, corresponding to Ru(0) and
Ru(+4), respectively.”®* The XPS analysis plots of 3%
Ru@ZnO(1.5)/CN are provided in Fig. S6 in the ESL{ Similar

J. Mater. Chem. A, 2023, 11, 1786-11803 | 11789
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(a) XPS surface survey of 1% Ru@ZnO(1.5)/CN, (b) Zn 2p, (c) O 1s

results were obtained except for more intensified peaks corre-
sponding to Ru due to the higher % loading. The atomic % of
the elements based on XPS is provided in Table S1.f Bulk
elemental analysis (using microwave plasma-atomic emission
spectroscopy) was conducted to determine the Ru NP concen-
tration, which was estimated to be 0.94% and 2.72% for 1%
Ru@ZnO(1.5)/CN and 3% Ru@ZnO(1.5)/CN, respectively.

The BET analysis was conducted for all the synthesized
catalysts to compare the effect of composite formation and
metal loading on the surface properties. The adsorption
isotherms for all the ZnO/CN composites and Ru decorated
composite show a type II isotherm with H3 hysteresis loops,
indicating the formation of interparticle mesopores in the
nanocomposites (Fig. S71).°® Moreover, with the introduction of
ZnO into the CN, the surface area of the composite increased
from 45 to 65 m> g~ ' (Table S21), which could be due to the
thermal exfoliation and fragmentation of CN sheets, as indi-
cated by SEM images. The metal loading marginally increased
the surface area because Ru NP sites provided additional sites
for N,-adsorption.*** Table S21 summarises all synthesized
catalysts' surface area and total pore volume.

1790 | J Mater. Chem. A, 2023, 1, 1786-11803
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For calculating the compositions of the ZnO/CN nano-
composites, the zinc source (Zn(OAc),)-2H,0 was subjected to
TGA. 1/5 mass of ZnO was obtained from Zn(OAc),-2H,0
(Fig. S8at). A sharp weight loss near 300 °C was observed in the
TGA of Zn(OAc),-2H,0. Above 300 °C, Zn(OAc),-2H,0 got
converted into ZnO, and no significant weight loss was observed
above 400 °C. Therefore, 400 °C was the best calcination
temperature for preparing ZnO. The ZnO showed good stability
in the thermogram with ~2% weight loss up to 800 °C
(Fig. S8b¥). In contrast, CN showed 100% weight loss below 700
°C (Fig. S8at). The composites show different % of weight loss
up to 700 °C, which depends on the composition of the nano-
composite (Fig. S8bt). Furthermore, all the catalysts were
thermally stable up to 400 °C, which signifies that catalysts are
not prone to decomposition at the reaction temperature adop-
ted in this study.

CO,-TPD was conducted to estimate the basicity of the
catalysts imparted by CN predominantly. The basicity is helpful
for the adsorption and activation of FA. A peak associated with
the moderate basic sites in the temperature range of 400 to 500 °©
C was observed in all the ZnO(X)/CN catalysts. The peak

This journal is © The Royal Society of Chemistry 2023
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intensity was directly proportional to the CN content in the
catalyst (Fig. S9at). Similarly, NH;-TPD was undertaken to
evaluate the acidic sites due to ZnO, which is required for the
adsorption and activation of the C=0 group of CAL. The acidity
increased with the increasing amount of ZnO in the composite
catalysts. ZnO(1)/CN had the lowest acidity, whereas ZnO(2)/CN
had the highest value of acidity (Fig. S9b¥).

Optical characterization

The optical properties of CN, ZnO, and their composite were
examined through solid-state diffuse reflectance ultraviolet-
visible spectroscopy (DRUV-vis). The aforementioned catalysts
exhibit an absorbed edge in the visible area of the electromag-
netic spectrum (Fig. 4a). ZnO showed a band edge in the UV
domain, while the CN adsorption edge was in the visible
domain. Upon the formation of the composite of these two
materials, a red shift was observed. The increased Ru content in
the catalyst redshifted the band edge.”® The bandgap of the
synthesized catalysts was determined through Tauc plots
(Fig. S107), which employed the formula (ahv)"" = B(hv — Ey).
The said formula comprises various parameters, including the
absorption coefficient («), photon energy (hv), bandgap (Ey),
band tailing parameter (), and power factor (r).* It is well
established in the literature that both catalysts execute direct
transition with an r value of .°° Table S37 lists the band gaps of
all the synthesized catalysts. For a comparative purpose, the
band gap of the composite was also calculated. The reduction in
the band gap of the composite is attributed to the decoration of
Ru NPs, which possess a low Fermi energy. It facilitated the
transfer of photogenerated electrons in the conduction band of
the Ru NPs, leading to improved charge separation and
a decreased band gap.

A photoluminescence (PL) experiment was performed to
evaluate the charge separation efficiency (Fig. 4b). CN exhibited
a broad and most intense emission covering the visible region
with a peak maximum of 480 nm. ZnO showed a lower intense
emission spectrum than CN. The heterojunction of CN and ZnO
separates the charge carriers more efficiently; therefore, less
intense emission spectra were observed.*® Moreover, the Ru-
decorated nanocomposite showed relatively lower emission
with a broader peak in the visible region. The Ru NPs, with their
higher work function and low Fermi level, effectively captured
the photogenerated electrons from the semiconductor, result-
ing in efficient separation of charge carriers. This process leads
to a reduction in the intensity of the photoluminescence (PL)
emission peak. The Ru NPs also increased the lifetime of charge
carriers by reducing their recombination rate, potentially
leading to enhanced photocatalytic efficiency. The lumines-
cence decay characteristics of unmodified CN, ZnO, and their
composite were examined with the Time-Correlated Single
Photon Counting (TCSPC) technique. The decay curves were
fitted using a mathematical equation

t

n - A
y=Yyo+ Y. e <I) that accounts for the contribution of
i=1

discrete emissive species.* The pre-exponential factors and the
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time of excited-state luminescence decay were determined for
each component. The average decay time, (r), was calculated

n
Z o; 12
using (1) = l:nl , and the fractional contribution for each
DT
i-1
d btained usi = YU sAth ial
ecay was obtained using fi = ————%* A three-exponentia
2T
J=1

fit was used to model the decay curve. The result showed that
the nanocomposite had a higher average decay lifetime of 3.2 ns
than the individual components, and the introduction of Ru
NPs further raised the decay lifetime to 4.11 ns (Fig. 4c). The
TCSPC analysis confirmed that the nanocomposite had a better
decay lifetime than pristine CN and ZnO, and introducing Ru
NPs enhanced the charge retention capability by accommo-
dating photogenerated electrons. The details of the investiga-
tion and calculated parameters are provided in Table S4.t

Photoelectrochemical characterization

The photoelectrochemical performance of the materials was
assessed by conducting various electrochemical analyses,
including linear sweep voltammetry (LSV), on-off photocurrent
(i-t), and electrochemical impedance (EIS). These techniques
were used to evaluate the stability and lifetime of the generated
charge carriers in CN, ZnO, and their heterojunction with
varying amounts of Ru NPs. Additionally, Mott-Schottky (M-S)
plots were constructed at different frequencies (500 Hz,
1000 Hz, and 1500 Hz) to calculate the flat band potential of CN
and ZnO. LSV experiments were conducted under dark and
illuminated conditions in the persistence of having a survey for
their charge separation and migration proficiencies (Fig. S117).
It was observed that the current density increased significantly
with increasing potential under both dark and illuminated
conditions. Without light irradiation, the current density values
for CN and ZnO were 1.8 x 10 > Acm 2 and 2.1 x 10> Acm 2,
respectively, at 1.7 V vs. Ag/AgCl. Upon exposure to light, these
values increased to 2.9 x 10> Acm ™2 and 3.1 x 107 A cm ™2,
respectively, indicating light-induced photoactivity in both
cases.””*® The heterojunction catalysts transport the charge
carriers to the surface more efficiently, gradually increasing the
current density to 2.5 x 107> Acm™> and 3.7 x 10° Aem > at
1.7 Vvs. Ag/AgCl under dark and light conditions. In the Ru NP
decorated catalyst, the metal NPs more efficiently channel the
charge; therefore, it has the highest current density of 3.1 x
107> A em ™2 at 1.7 V vs. Ag/AgCl in light.

The transient current response of all photocatalysts was
recorded with an on-off photocurrent experiment (i-¢) (Fig. 4d).
The semiconductor material exhibited an increased current
response upon irradiation and promptly returned to its initial
value upon turning off the light source. The analysis of the
current response was repeated for multiple test cycles, and
a consistent response was observed in each cycle, indicating
stable performance. CN showed the least response among all
catalysts because of easy charge recombination. ZnO possessed
a moderately higher response for the test cycle evidencing the
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electrochemical impedances of various photocatalysts and (f) M-S plots for CN and ZnO.

slow recombination. The CN/ZnO heterojunction showed
a relatively higher response than bare CN and ZnO because, in
the heterojunction, the electrons and holes were separated in
different parts of the junction, enhancing its catalytic activity.
The Ru NP decorated CN/ZnO catalysts exhibited a higher
photocurrent response than the bare ZnO(1.5)/CN. The rise in
the Ru content in the heterojunction resulted in an increase in
the current response because Ru NPs aided in the effective
migration of charge carriers.’” The heterojunction catalyst with
3% Ru@ZnO(1.5)/CN showed the highest current response,
which can be attributed to its higher conductivity. The rela-
tionship between carrier concentration (N) and electrical

M792 | J Mater. Chem. A, 2023, 11, 11786-11803

conductivity (o) can be expressed using the equation ¢ = Nep,
where “e” is the charge and u denotes carrier mobility.*
Therefore, in 3% Ru@ZnO(1.5)/CN, a significantly higher
charge carrier generation and migration was observed during
the light illumination. In conclusion, Ru NPs promoted the
mobility of the produced charge carriers and improved the
catalyst's performance.

EIS was performed for all the photocatalysts under light
illumination, and the resulting Nyquist plots (Fig. 4e) showed
semicircles, the size of which correlates directly with the charge
transfer rate.® The diameter of the semicircle reflects the
interfacial charge transfer resistance (R.) present at the
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electrode-electrolyte interface. A reduction in the diameter of
the semicircle signifies a decline in interfacial charge transfer
resistance, thereby indicating improved charge transfer for the
migration of charge carriers. The R, values were determined for
CN, ZnO, ZnO/CN, and Ru-decorated ZnO/CN. The largest
semicircle diameter (R.;) was obtained for ZnO, whereas CN has
a comparably smaller arc diameter, indicating better charge
migration. The heterojunction showed a lower semicircle arc
compared to ZnO and CN. The introduction of Ru NPs facili-
tated the charge carriers' migration, resulting in a reduction of
the arc diameter with an increase in the Ru content. Among the
various photocatalysts tested, 3% Ru@ZnO(1.5)/CN demon-
strated the smallest R.. value, indicating its superior photo-
activity. The Ru NPs expedited the proficient migration of
charge carriers by stimulating the charge transfer mechanism.
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Band structure evaluation

Mott-Schottky analysis was performed to find the band edges of
the photocatalysts (Fig. 4f). The equation 1/C* = 2 [V — Vg, —
(kpT/e)]/(ec0eA>Ny), where C denotes capacitance, V stands for
applied potential, Vg, presents flat band potential, k denotes the
Boltzmann constant, T denotes temperature, e is the charge
(1.602 x 10~ C), & is the vacuum permittivity (8.85 x 10~ ** F
cm ?), ¢ is the dielectric constant of the photocatalyst, and Ny
stands for donor density, was applied, and the plots were con-
structed for 1/C? vs. applied potential. The M-S plots for CN and
ZnO exhibited a positive slope, implying n-type semi-
conductors.® The flat band potentials (Eg,) for CN and ZnO were
determined from the x-intercepts of the Mott-Schottky plots
and were found to be —1.14 V vs. Ag/AgCl and —0.29 V vs. Ag/
AgCl, respectively (Fig. 4f). In n-type semiconductors, the flat
band potential lies below the conduction band (CB) edge. The
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(@) VB-XPS spectrum of CN, (b) UPS spectrum of CN, (c) VB-XPS spectrum of ZnO, (d) UPS spectrum of ZnO, and (e) band structures of
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Eg, values were employed to establish the position of the
conduction band edge (E,) by using the relation Ey, = Eg, —
0.1 V.°* The equation (Exup = Eagiagci + 0.196) was applied to
standardize the potential values.®” The calculated values of E.,
for CN and ZnO were —1.04 and —0.19 Vvs. NHE (pH = 7). Using
the Ecp, the valence band potential (Eyg) was obtained by
applying the relation Eyg = Ecg + E,. CN possesses a valence
band edge at 1.79 V vs. NHE, whereas ZnO has an E,;, potential
of 2.84 V vs. NHE.

The complete band structures of CN, ZnO, and ZnO(1.5)/CN
were explored using valence band X-ray photoelectron spec-
troscopy (VB-XPS), ultraviolet photoelectron spectroscopy (UPS),
and diffuse reflectance UV-visible (DRUV-vis) spectroscopy. The
VB-XPS spectra of CN and ZnO (Fig. 5a and c) revealed that their
valence band maxima (VBM) were positioned at 1.71 eV and
2.30 eV, respectively, with respect to their Fermi levels (E¢).** The
Fermi level of both CN and ZnO was linked to their work
function @, which is the energy difference between the Fermi
level and vacuum. The UPS spectra (Fig. 5b and d) provided
further insight into the work function @ values for CN and ZnO,
which were calculated to be 4.51 eV and 5.1 eV, respectively,
using the relation @ = 21.22 — Esg cutoff + Ecutort-"** By
combining the data of VB-XPS, DRUV-vis, and UPS spectra, the
calculated conduction band (CB) and valence band (VB) values
of CN were 6.22 eV and 3.40 eV, respectively, with respect to
vacuum.* The CB and VB values of ZnO were 7.40 eV and
4.27 eV, respectively (Fig. 5e). The band edge values are
expressed in E,,. and can be changed to Eyyg through the
addition of —4.44 £ 0.02 eV.*® The band edges of CN and ZnO
(Fig. 5e) were observed to align well with the band structure
estimated from the Mott-Schottky plots, with a slight shift.

The Fermi level is the maximum energy level at which an
electron can exist. When CN and ZnO are combined in
a composite, the Fermi level of CN (4.51 eV vs. vacuum)
declined, and ZnO (5.1 eV vs. vacuum) rose till it attained a new
equilibrium at 4.63 eV vs. vacuum observed in the UPS spectrum
of ZnO(1.5)/CN (Fig. S12at). Therefore, the nanocomposite had
a newly formed Fermi level at 4.63 eV vs. vacuum (Fig. 5e). It is
thoroughly described in the literature that Ru has a Fermi level
of 4.7 eV vs. vacuum, which is lower than the calculated Fermi
level of the nanocomposite (Fig. 5¢).°**® Therefore, the decora-
tion of Ru NPs in the ZnO(1.5)/CN nanocomposite leads to the
transfer of electrons over Ru NPs with marginal rearrangement
in the Fermi level (discussed later). The UPS spectrum of 3%
Ru@ ZnO(1.5)/CN showed that the material had a Fermi level at
4.66 eV vs. vacuum (Fig. S12b¥), which lies between the Ru and
ZnO(1.5)/CN nanocomposite Fermi levels (Fig. 5e).

Catalytic activity

Thermocatalytic performance for selective hydrogenation of
cinnamaldehyde with formic acid

Catalysts were employed for the hydrogenation of cinna-
maldehyde (CAL) to cinnamyl alcohol (COL) as a selective
product using formic acid as a hydrogen donor in water. Cin-
namaldehyde can undergo hydrogenation at two functional
sites, (i) C=0 and (ii) C=C. The hydrogenation of the former
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gives COL, whereas the hydrogenation of the latter forms
hydrocinnamaldehyde (HCAL). The complete reduction product
is hydrocinnamyl alcohol (HCOL) (Scheme 1). A combination of
the support and active metal sites is obligatory for the adsorp-
tion of the cinnamaldehyde through a specific mode, dispersion
of active sites for the effective dissociation of FA to H, and CO..
In consideration, CN was chosen as a basic support for the
adsorption of FA and dispersion of metal NPs, and metal oxides
as an additional active support to tune the surface properties of
the catalyst.®® Amphoteric oxides are beneficial for the adsorp-
tion of a—p unsaturated substrates through the carbonyl group
and obtaining o-B unsaturated alcohols selectively, as evi-
denced by previous reports.” Due to these reasons, various
amphoteric metal oxides were explored for this transformation
(Table S51). Among them, ZnO was superior, yielding 17% CAL
conversion with 100% COL selectivity. The pronounced selec-
tivity for COL is attributed to the electropositive nature of Zn>",
which assists in the adsorption and activating of the carbonyl
group. CN alone offered only 6% conversion, but combining
ZnO/CN elevated the catalytic activity (Table 1, compare entries
2 and 4-6). Different contents of Ru were decorated over ZnO/
CN composites to obtain the maximum COL yield. Two
control catalysts, 1% Ru@ZnO and 1% Ru@CN, were synthe-
sized to elucidate the role of ZnO and CN separately. The former
offered 40% conversion with 89% COL selectivity, whereas the
latter afforded exceptionally high activity with 100% conversion
and selectivity for the completely reduced product, HCOL (Table
1, entries 7 and 8). It can be inferred that in order to acquire
improved catalytic performance, a combination of ZnO and CN
is obligatory. The highest COL selectivity (85%) was achieved
over 1% Ru@ZnO(1.5)/CN (Table 1, entry 10). On further
increasing the Ru % to 1.5%, the COL selectivity decreased at
the expense of the wholly reduced product HCOL. It suggests
that a lower content of Ru was suitable for the selective reduc-
tion of CAL to COL. Moreover, when the same catalyst was
employed for hydrogenation with molecular H,, 100% COL
selectivity was obtained, but CAL conversion was only 30%. The
results suggest that the reaction was limited due to the mass
transfer of H, to the active sites, while the in situ FA dissociation
generated H, that was efficiently picked by the neighboring Ru
sites and provided Ru-H species for the reduction of CAL to
COL. The gas generated during the reaction was collected and
subjected to gas chromatography (GC) using a gas-tight syringe
and monitored using a TCD detector. The chromatogram shows
the formation of H, and CO, (Fig. S13%). For comparison, four
control catalysts based on cheap transition metals, such as Co
and Ni, were prepared (please see XRD Fig. S2ct). Noble metals
such as Pd were not chosen as their cost is much higher than
Ru. The control catalysts were synthesized by following the
synthesis protocol of this study. The catalysts were evaluated
under optimized reaction conditions (Table S61). Based on the
catalytic activity data, it can be concluded that cheaper transi-
tion metal catalysts were not suitable for this reaction. The
cheapest noble metal Ru was the best choice for such a selective
catalytic transformation.

The involvement of water in the hydrogen-exchange pathway
with formic acid is already documented, which suggests that it

This journal is © The Royal Society of Chemistry 2023
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Table 1 Thermo-catalytic performance of the synthesized catalysts for selective hydrogenation of cinnamaldehyde with formic acid in water®

S Xo Catalyst ©/\/\ ©/\/\
FA H,0 W
HCAL HCOL
*Conversion (%) bSelectivity (%)
EN Catalyst CAL COL HCAL HCOL “TOF (min™")
1 None 2 0 100 0 —
2 CN 6 0 100 0 1.4
3 ZnO 15 100 0 0 18.3
4 ZnO(1)/CN 20 60 40 0 4.5
5 ZnO(1.5)/CN 18 65 35 0 3.9
6 ZnO(2)/CN 16 67 33 0 0.7
7 1% Ru@ZnO 40 89 0 11 8.1 €(1015)
8 1% Ru@CN 100 0 0 100 23 %(2538)
9 0.5% Ru@ZznO(1.5)/CN 61 73 0 27 13.4 %(3096)
10 1% Ru@ZnO(1.5)/CN 9% 85 0 15 40 ¢(2436)
11 1.5% Ru@ZnO(1.5)/CN 100 77 0 23 42 °(1685)
€12 1% Ru@ZnO(1.5)/CN 30 100 0 0 12.6 (761)

“ Reaction conditions: CAL (0.5 mmol), FA (4.5 mmol), catalyst (20 mg), water (3 mL), temperature (140 °C), and time (6 h). ©
Reaction conducted with 10 bar H, instead of FA. ¢ TOF is calculated considering the whole mass of

measurements presented as an integer. °
the catalyst. © TOF is calculated considering the Ru content.

is a suitable solvent for the selective formation of COL.***!
Furthermore, water also assists in the effective dissociation of
FA by the exchange mechanism, already proposed in our
previous report.”® Two control reactions for the formic acid-
mediated hydrogenation were conducted to confirm the
exchange pathway between water and formic acid: first using
H,0 as a solvent and the other based on isotope labelling in
which D,O was used instead of H,O. Both reactions were con-
ducted under optimized conditions. The reaction mixtures were
then subjected to GC-MS analysis. The mass spectra of the
products formed in both cases are provided in Fig. S14.7 In H,O,
cinnamyl alcohol (C9H100) was the established product with
a molecular mass of 134 g mol ™, consistent with the analyzed
mass spectrum (B). Three noticeable fragments, in this case, are
105, 115, and 134 (highlighted in yellow), with the base peak 92.
However, in the D,O mediated reaction, deuterated cinnamyl
alcohol (C9H9DO) with a molecular mass of 135 (A) was formed
instead of cinnamyl alcohol (C9H100). An increment of 1 was
observed in the three fragments, which appeared at 106, 116,
and 135 with the same base peak of 92. It confirms that an
exchange reaction occurred between formic acid and H,O,
which facilitated formic acid to dissociate into the H, and CO,
(confirmed by GC analysis, Fig. S131). When D,O was used, the
exchange of “D” from D,O occurred with HCOOH and formed
HCOOD, which decomposed to HD and CO,. The generated HD
reacted with cinnamaldehyde to produce deuterated cinnamyl
alcohol (C9H9DO). Hence, the molecular mass of deuterated
cinnamyl alcohol increased by “1” when the aldehydic group of
cinnamaldehyde was hydrogenated in the presence of formic
acid and D,0. A GC-MS chromatogram of the reaction mixture

This journal is © The Royal Society of Chemistry 2023

Average of three

recovered after 3 h in thermal hydrogenation of CAL shows the
formation of COL and HCOL (Fig. S151). "H NMR of COL in the
reaction mixture of thermal hydrogenation of CAL is provided
in Fig. S16.7

All the parameters influencing the catalytic activity were
varied to optimize the reaction conditions. Initially, the
temperature was varied from 120 °C to 160 °C. Only 18% CAL
conversion with 90% COL selectivity was obtained at 120 °C. On
conducting the reaction at an elevated temperature (160 °C),
almost 100% conversion was achieved, but instead of COL,
HCOL was selectively obtained. So, the temperature (140 °C)
was the optimum temperature, yielding 85% COL with 96%
conversion (Fig. 6a). The role of FA concentration was also
explored (Fig. 6b). 4.5 mmol of FA was sufficient for achieving
the highest yield of COL (85%), whereas further increasing the
FA, the COL selectivity was reduced. Similarly, the reaction time
and catalyst amount were optimized. The best COL yield was
achieved in 6 h with 20 mg catalyst (Fig. 6¢c and d). To our
knowledge, this is the first report where FA is employed as
a hydrogen source for the selective reduction of CAL to COL over
a heterogeneous catalyst. Therefore, providing comparative
activity data for this catalytic protocol is difficult.

The kinetics of the reaction was investigated by conducting
experiments at 140 °C for different durations. The CAL
conversion was assessed for various order equations, and a first-
order rate equation provided a linear graph. The rate constant
(k) at 140 °C was 4.33 x 10" s~ ', deduced from the slope of the
linear plot. The experiment was conducted at different
temperatures (130-150 °C), resulting in an increased reaction
rate and rate constant with a temperature rise. The rate constant
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of CAL over the 1% Ru@ZnO(1.5)/CN catalyst.

values were 4.33 x 107> s~ ' at 130 °C and 7.26 x 107> s at
150 °C. The Arrhenius equation was used to compute the E,,
and a linear plot of In[k] vs. 1/T was obtained with an R* value of
0.99 (Fig. 7b). The resulting straight-line plot ascertained the E,
as 82.44 K ] mol .

Plausible reaction mechanism

The selective production of a particular product requires
a specific reaction site to be adsorbed and activated on a catalyst
surface. Cinnamaldehyde is a tricky substrate with two func-
tional adsorption sites, a double bond in conjugation with an
aldehyde group. Numerous research reports have documented
and illustrated the higher feasibility of the hydrogenation of the
conjugated double bond over the carbonyl group due to favor-
able reaction kinetics and thermodynamics.*”"”> An additional
energy is required to activate the carbonyl group, and the
surface energetics of the catalyst plays a key role. The large size
of the benzene ring occupies a large space and creates a steric
hindrance for the adsorption of C=C, and promotes the
adsorption of C=0 on the catalyst surface. Such promotional
adsorption resulted in the higher selectivity of the hydrogena-
tion of C=0."*"* A temperature-dependent adsorption study
was conducted using an FT-IR study. For this purpose, 5 pL of
cinnamaldehyde was adsorbed on 50 mg of catalyst at different
temperatures ranging from 25 °C to 130 °C. The physisorbed
substrate was removed by flowing Ar for 5 min. The peak at
1675 c¢cm™ ' arose due to the carbonyl stretching of the

M796 | J. Mater. Chem. A, 2023, 11, 11786-11803

cinnamaldehyde at 25 °C (Fig. S177). With the increase in the
temperature, a gradual red shift is observed from 1675 to
1656 cm '. The red shift indicates that with the rise in
temperature, the cinnamaldehyde chemisorbed over the surface
of the catalyst through the C=0 group, preferably. Therefore,
under the thermal conditions, the COL was obtained as the
particular product, which suggests that a specific temperature
was required to reach the threshold barrier for the activation of
the o~P unsaturated carbonyl group. Moreover, incorporating
a suitable amount of Lewis acidic ZnO assists in interacting
electronegative 0>~ of the C=0 group of the CAL with the Zn**
on the catalyst's surface.””® The adsorption and activation of FA
were achieved by combining basic CN and Ru NPs, which
preferentially dissociate FA into H, + CO, in water through the
metal-formato complex.**> The generated H, was dissociatively
adsorbed on the Ru NPs resulting in the formation of Ru-H.>*
The Ru adsorbed H was transferred to the C=0 of CAL to yield
COL as the selective product. A schematic presentation for the
thermo-catalytic plausible reaction mechanism for FA-assisted
CAL hydrogenation to COL is provided in Scheme 3.

Photocatalytic activity of Ru@ZnO(1.5)/CN for selective
hydrogenation of cinnamaldehyde

After successfully optimizing the thermocatalytic reaction
conditions, it was interesting to explore the photochemical
activity of the 1% Ru@ZnO(1.5)/CN catalyst because all three
components of the catalyst, namely (i) Ru NPs, (ii) ZnO, and (iii)

This journal is © The Royal Society of Chemistry 2023
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CN, are photoactive specifically in the visible region. When a solvent, 18% conversion was observed, but HCAL was the
selective hydrogenation of CAL was targeted employing the 1%  selective product. The result motivated us to further explore the
Ru@ZnO(1.5)/CN catalyst with molecular H, and IPA as catalyst to yield HCAL with promising selectivity. To serve this
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Scheme 3 Schematic presentation for the thermo-catalytic plausible reaction mechanism for FA-assisted CAL hydrogenation over the 1%
Ru@ZnO(1.5)/CN catalyst.
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purpose, various catalysts with different %Ru loadings were
synthesized. The complete conversion and selectivity were ob-
tained with the 4% Ru@ZnO(1.5)/CN catalyst, but considering
a low Ru content, 3% Ru@ZnO(1.5)/CN was chosen as the best
catalyst, which is also suggested by the apparent quantum yield
(Table 2). Cheaper transition metal decorated catalysts such as
3% Co@ZnO(1.5)/CN and 3%Ni@ZnO(1.5)/CN showed inferior
activity to 3% Ru@ZnO(1.5)/CN (Table S67), suggesting that the
cheapest Noble metal Ru was the best choice for such a selective
catalytic transformation under photocatalytic conditions. To
realize the role of Ru NPs in this reduction, a control reaction
was carried out with the heterojunction of CN and ZnO without
Ru NPs. Only a 7% conversion was obtained in this case (Table
2, entry 3), which confirms the importance of Ru NPs in
reducing CAL. Two control reactions were conducted over ZnO
and CN to compare the activity of the heterojunction with
individual photocatalysts. Over ZnO, the least activity was found
with a 2% CAL conversion. Similarly, the CN photocatalyst
afforded only 3% CAL conversion. An efficient charge separa-
tion (discussed above) in the heterojunction (ZnO(1.5)/CN)
compared to individual CN and ZnO afforded higher activity.
Furthermore, to understand the structure-activity relationship
and mechanism, various photochemical characterization tech-
niques were performed. In our search, only one report was
found for photocatalytic reduction of CAL to HCAL with
molecular H,, where an Au-Pd/ultrathin SnNb,O¢ nanosheet
catalyst afforded 99.8% conversion and 91.0% selectivity for
HCAL.* The present catalyst is cheaper and simple to synthe-
size and affords better selectivity for HCAL. A GC-MS chro-
matograph and "H NMR of the reaction mixture recovered after
5.5 h in photocatalytic hydrogenation of CAL are provided in
Fig. S18 and S19.}
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The spectral response of 3% Ru@ZnO(1.5)/CN was analyzed
by photocatalytic reactions with violet, blue, green, red, and
white 9 W LED bulbs under the optimized reaction conditions.
The emission peak maxima for violet, blue, green, and red LEDs
were observed in the visible region. The effect of the spectral
response on the photocatalytic CAL conversion was studied, and
the results demonstrate that the catalyst's activity followed the
order: violet > blue > white > green > red, which correlates with
the catalyst's light absorption properties (Fig. S207).

The photocatalytic reduction of CAL was carried out at room
temperature, and only the first-order rate equation resulted in
a linear graph for CAL conversion (Fig. 7c). The rate constant
was calculated to be 6.25 x 107> s from the straight-line plot
for first-order kinetics under photocatalytic conditions. Since
the reaction is mediated by the photocatalyst, the kinetics
depend on the light source’s power. Thus, In [CAL] vs. time plots
were obtained for reactions at different light intensities. The
kinetic profiles revealed that the rate constant decreased from
6.25 x 107" t0 1.23 x 107> s~ ' as the light intensity was reduced
from 1210 to 270 W m 2. A linear relationship between the rate
constant and light intensity with an R> value of 0.98 was
detected (Fig. 7d), indicating that the reaction kinetics were
directly proportional to light intensity.

Photocatalytic reaction mechanism

First, it is important to recognize the charge carrier's interaction
with the interface at the heterojunction photocatalyst to
understand the possible mechanism. The Fermi level values for
CN and ZnO are 4.51 eV and 5.1 eV vs. vacuum. The Fermi level
of ZnO is lower than that of CN. When CN and ZnO are in direct
contact as heterojunctions, there is an electron transfer from
CN to ZnO until Fermi level equilibration at 4.63 eV vs. vacuum

Table 2 Photocatalytic performance of (Y%) Ru@ZnO(1.5)/CN catalysts for selective hydrogenation of cinnamaldehyde”

~o Catalyst
“H, IPA

©/\Ao

HCAL

EN Catalyst bGonversion (%) bselectivity (%) AQY

1 ZnoO 2 >99 13.9 x 1073
2 CN 3 >99 18.8 x 1073
3 ZnO(1.5)/CN 7 >99 43.5 x 107°
4 1% Ru@CN 13 >99 80.8 x 10
5 1% Ru@ZnO 10 >99 68.4 x 10°
2 1% Ru@ZnO(1.5)/CN 18 >99 111.1 x 10°°
3 2% Ru@ZnO(1.5)/CN 32 >99 194.3 x 10°°
4 3% Ru@ZnO(1.5)/CN 96 >99 580.2 x 10°
5 4% Ru@ZnO(1.5)/CN 99 >99 595.8 x 1073
6° 3% Ru@ZnO(1.5)/CN 12 >95 72.5 x 107°
74 3% Ru@ZznO(1.5)/CN — — 6x10°

8¢ 3% Ru@ZnO(1.5)/CN 99 >99 931.4 x 1073

“ Reactlon conditions: substrate (O 5 mmol), catalyst amount (20 mg), IPA (5 mL) 150 W LED, room temperature, H, (2 bar), and time (5 h).

b Average of three measurements is presented as an integer. ¢ Without H,.
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is attained, resulting in the generation of an electric field over
the interface of both materials. It leads to upward band bending
in CN and downward in ZnO towards the interface (Fig. 8 a(i)
and (ii)). Once the Fermi levels are equilibrated, the charge
transfer channel at the CN and ZnO interface is disrupted. Upon
light irradiation, charge carriers are generated over the CB and
VB of CN and ZnO, and two possible charge migration mecha-
nisms could follow, namely, Type II heterojunction and Z-
scheme heterojunction. In Type II, holes from the VB of ZnO
are transferred to the VB of CN, while the electron from the CB
of CN goes to the CB of ZnO, leading to photocatalytic oxidation
at the VB of CN and reduction at the CB of ZnO. In the Z scheme,
the electron from the CB of ZnO and holes from the VB of CN
are transferred to the materials' interfaces, leading to recom-
bination. In this case, oxidation occurs at the VB of ZnO, and
reduction occurs at the CB of CN. To conclude the exact
mechanism, some control experiments were performed. The

View Article Online
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NBT experiment shows the capability of the photocatalyst to
generate the superoxide radical from molecular oxygen, for
which the reduction potential of —0.33 V vs. NHE is required
(Fig. 8b). The CB of ZnO is below this reduction potential; hence
it is incapable of superoxide formation (Fig. 8b). A similar result
was obtained in the NBT test (Fig. S21at). A small decrease in
the concentration of NBT was observed when the ZnO catalyst
was employed. But the CB position of CN is more negative than
the reduction potential required for superoxide formation. A
good amount of superoxide was formed at CN. In the case of the
composite, there are two possibilities: (i) reduction occurs at the
CB of ZnO (type II heterojunction) and (ii) reduction occurs at
the CB of CN (Z scheme heterojunction). According to the NBT
experiment, the heterojunction efficiently generates the super-
oxide (Fig. S21at), which confirms that the reduction in the
heterojunction occurred at the CB of CN. It confirms that the
ZnO/CN heterojunction is a Z scheme heterojunction (Fig. 8b).

(a)

(iv)

(b) .

— = — -OH'I.OH
SVoxidation 2-84V

Z -scheme

(c) o

Light irradiation
_—
Charge separation

Fig. 8 (a) Schematic band structure of CN and ZnO (i) before and (ii) after coming into contact, the charge transfer in the presence of light in (iii)
the binary CN/ZnO heterojunction and (iv) the ternary Ru@ZnO/CN heterojunction, (b) possible mechanisms for the spatial separation in (i) the
traditional type-Il heterojunction and (ii) the Z-scheme heterojunction system, and (c) overall photocatalytic mechanism for CAL hydrogenation

to HCAL over the 3% Ru@ZnO(1.5)/CN catalyst.

This journal is © The Royal Society of Chemistry 2023
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To scrutinize the ability of the photocatalyst to form OH
radicals, a terephthalic acid test was executed as a control
experiment, utilizing PL spectroscopy. The generation of OH
necessitates an oxidation potential of 2.8 vs. NHE. However, the
VB position of CN is less negative than this oxidation potential,
resulting in its incapacity to produce the OH radical. Nonethe-
less, the VB of ZnO is more positive than the oxidation potential
of OH radical formation; therefore, ZnO can proficiently
produce OH radicals, as validated by the terephthalic acid test
(Fig. S21bt). When a heterojunction is formed, two possibilities
exist: oxidation can occur at the VB of CN (type II hetero-
junction) or oxidation can occur at the VB of ZnO (Z-scheme
heterojunction). The terephthalic acid test evinced that the
heterojunction effectively generated OH radicals and man-
ifested robust PL spectrum emission, evincing that oxidation in
the heterojunction occurred at the VB of ZnO. It verifies that the
heterojunction is a Z-scheme heterojunction (Fig. 7b). Electrons
from the CB of ZnO and holes from the VB of CN move to the
interface and recombine (Fig. 8(iii)). The photogenerated elec-
tron perseveres in the CB of CN and is transported to the Ru NPs
owing to the low Fermi level of Ru (Fig. 8(iv)).

Control experiments were carried out to elucidate the role of
charge carriers in photocatalytic reduction using the Ru@ZnO/
CN heterojunction. Initially, CAL reduction was executed in the
presence of electron scavengers, CCl;, and formic acid
(Fig. S22at). A marked drop in CAL conversion was noted in
both scenarios, implying the significance of electrons in pho-
tocatalytic reduction. Moreover, IPA served as a hole scavenger,
solely offering photogenerated electrons for reduction. To
scrutinize the impact of isopropyl alcohol (IPA) on the photo-
catalytic reduction process, a control experiment was carried
out by substituting IPA with acetonitrile (ACN), which proved to
be ineffective (Fig. S22b¥). To further amplify the effectiveness
of the photocatalytic reduction reaction, a strategic approach
involving the addition of external hole scavengers to the ACN
solvent was employed. In one control experiment, triethanol-
amine (TEA) was added as an external additive to scavenge
holes, resulting in a reduction of CAL. The CAL conversion was
markedly improved with increasing amounts of TEA, from 100
pL to 200 pL (Fig. S22bt). In this instance, the reduction of CAL
is solely attributed to the presence of H,, in the absence of IPA.
Therefore, the overall photocatalytic reduction process is
mainly driven by molecular hydrogen, with IPA's minimal
involvement in the form of transfer hydrogenation. Nonethe-
less, IPA plays a critical role in quenching the photogenerated
holes and enhancing the availability of photogenerated elec-
trons, thus enabling Ru NPs' efficient photocatalytic reduction.
Another control experiment involved adding IPA to the ACN
solvent, which made the catalyst activity in a mixture of these
two solvents, thus demonstrating IPA's role as a hole scavenger
(Fig. S22ct). As the amount of IPA was increased, CAL conver-
sion also increased. Consequently, effective quenching of pho-
togenerated holes is an indispensable prerequisite for
a successful photocatalytic reduction process, as it enables the
availability of electrons, ultimately enhancing the production of
HCAL.
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The Ru nanoparticles (NPs) in the Ru@ZnO/CN hetero-
junction accept and trap the electrons produced by ZnO/CN
under illumination, thereby promoting the desorption of
hydrogen molecules (as discussed subsequently). To test this
hypothesis, a non-photocatalytic material comprising Ru NPs
supported on SBA-15 was utilized. A reaction using 3%
Ru@SBA-15 under 150 W LED irradiation at room temperature
resulted in negligible CAL conversion. The absence of electrons
on the Ru NPs at room temperature prevented the desorption of
H, molecules. Thus, the photocatalyst absorbs light and
generates electron-hole pairs, with IPA serving as a hole scav-
enger and the electrons accumulating on the Ru NP sites
enabling successful desorption of hydrogen and reducing the
double bond of CAL.

The photoactive catalyst (3% Ru@ZnO(1.5)/CN) induces the
separation of charges within the ZnO/CN composite upon expo-
sure to light. The resulting photogenerated electrons originating
from the conduction band of ZnO and holes from the valence
band of CN are recombined at the interface of the two materials.
Subsequently, the electrons from the conduction band of CN are
transferred to the surface of Ru NPs due to their higher work
function and lower Fermi energy relative to the ZnO/CN
composite. Furthermore, the externally supplied H, adsorbed
on the surface of the Ru NPs. The surface electrons on the Ru NPs
efficiently dissociate and desorb the adsorbed H,, thereby
promoting the reduction of the C=C bond of CAL adsorbed on
the catalyst surface, ultimately resulting in the selective produc-
tion of HCAL (Fig. 8c). Additionally, the holes present in the
valence band of ZnO participate in the oxidation of isopropyl
alcohol (IPA), leading to the formation of acetone (Fig. 8c).

Stability of the catalyst under thermal and photochemical
conditions

The recycling experiments for 1% Ru@ZnO(1.5)/CN and 3%
Ru@ZnO(1.5)/CN were performed under thermal and photo-
catalytic conditions, respectively. The catalysts were subjected
to centrifugation, followed by washing with ethanol and drying
in an oven before being reused for consecutive runs under
optimized conditions for a shorter duration. In the case of
thermal recyclability, the 1% Ru@ZnO(1.5)/CN catalyst exhibi-
ted a conversion rate of 49%, after five consecutive cycles
starting from 55%. To confirm the heterogeneous nature of the
catalyst, hot filtration tests were conducted, and the reaction
was prolonged after removing the catalyst at half the reaction
time. There was no significant increase in catalytic activity after
the removal of the catalyst, indicating that the process was
indeed mediated by the heterogeneous catalyst (Fig. S23a and
bt). Similarly, the 3% Ru@ZnO(1.5)/CN catalyst showed good
stability under photocatalytic recycling experiments, with no
substantial decrease in activity. The spent 3% Ru@ZnO(1.5)/CN
catalyst was characterized by DRUV-vis, and no changes were
observed in the absorbed edge (Fig. S24bt). Both the spent
catalysts were characterized by XRD, XPS, SEM, and TEM tech-
niques, which indicated no visible changes in the phase,
elemental composition and oxidation states, morphology, and
characteristics of both catalysts (Fig. S23c-g and S24c-gt).

This journal is © The Royal Society of Chemistry 2023
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Overall, under thermal conditions, the role of ZnO is to
adsorb and activate the -C=0 group of cinnamaldehyde. CN
adsorbs formic acid due to the basic nature of the CN support.
The role of Ru is to assist the effective dissociation of HCOOH
into H, + CO, and dissociatively adsorb the generated H,. The
independent roles of all the counterparts of the catalyst were
determined by various control experiments. The catalytic
activity of ZnO, CN, and Ru was independently evaluated, and
the following results were obtained. ZnO afforded 17% CAL
conversion and 100% COL selectivity. The pronounced selec-
tivity for COL is attributed to the electropositive nature of Zn**,
which assisted in the adsorption and activating of the carbonyl
group. CN alone offered only 6% conversion, but combining
ZnO/CN elevated the catalytic activity. This observation suggests
that formic acid activation was required along with CAL acti-
vation. CN being a basic support provided adsorption sites to
FA, which were further enhanced by Ru NPs. Ru NPs dissociate
FA into H, + CO, following the decarboxylation route (also
confirmed by GC analysis), and the H, generated was dis-
sociatively adsorbed on Ru NPs. The dissociatively adsorbed -H
hydrogenated the cinnamaldehyde. Moreover, CN also assisted
the dispersion of the Ru NPs by providing a surface. Hence, it
can be inferred that an optimum balance of Ru NPs, ZnO, and
CN was essential to acquire efficient catalytic performance.

Under photocatalytic conditions, ZnO plays the role of an
oxidative photocatalyst, whereas CN plays the role of a reductive
photocatalyst because of their respective band edge positions.
Combining both materials, a Z-scheme heterojunction photo-
catalyst was prepared (proved through control experiments)
with enhanced charge separation compared to the individual
components. Furthermore, due to the lower Fermi level of Ru,
Ru accepted electrons generated by the ZnO/CN Z-scheme het-
erojunction and helped in the efficient dissociation of adsorbed
H, over Ru NPs. Hence, Ru assisted in photo-generated
electron-mediated dissociation of H, for the efficient hydroge-
nation of CAL.

Conclusions

A single catalyst was developed for the selective reduction of
cinnamaldehyde to cinnamyl alcohol under thermal condi-
tions using formic acid in water and cinnamaldehyde reduc-
tion to hydrocinnamaldehyde under photocatalytic conditions
in IPA involving H,. The interface between the CN and ZnO
components of the catalyst support was thoroughly examined
under thermal and photocatalytic conditions. 1%
Ru@ZnO(1.5)/CN yielded cinnamyl alcohol with 85% selec-
tivity due to the successful activation of the C=0 group of CAL
and FA through the optimum acidity of ZnO and the basicity of
CN, respectively. The temperature-dependence selective acti-
vation and adsorption of cinnamaldehyde were confirmed
through adsorption studies at different temperatures,
employing FT-IR analysis. The FA was adsorbed over basic CN,
and decorated Ru NPs facilitated the dissociation of formic
acid into H, + CO, in water and formation of Ru-H. The Ru-
adsorbed -H was transferred to the C=O0 of cinnamaldehyde
to yield COL as the selective product. Under photochemical

This journal is © The Royal Society of Chemistry 2023
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conditions, the catalyst with an increased %Ru loading, i.e.,
3%  Ru@ZnO(1.5)/CN, selectively  yielded hydro-
cinnamaldehyde as the selective product (>99%) with (>99%)
cinnamaldehyde conversion. Various spectroscopic tech-
niques and control experiments demonstrated the efficient
role of the ZnO/CN heterojunction in facilitating better charge
separation than individual entities. The photocatalyst fol-
lowed the Z-scheme pathways for the selective reduction of
cinnamaldehyde to hydrocinnamaldehyde. The electrons from
the CB of CN are transferred to the surface of Ru NPs, which
assisted in the effective dissociation and desorption of the
adsorbed H,, reducing the C=C of the cinnamaldehyde and
yielding hydrocinnamaldehyde as the selective product. The
surface-activity relationship established through extensive
catalyst characterization under thermal and photocatalytic
conditions was consistent with the proposed reaction mech-
anisms. The efficient recyclability and thermal and photo-
stability of materials are other advantages of this work. The
ability to selectively synthesize two products using a single
catalyst under different experimental setups is of significant
academic and industrial interest.
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