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ABSTRACT: Dip catalysts are attracting interest in both academia and industry
for catalyzing important chemical reactions. These provide excellent stability,
better recoverability, recyclability, and easy scale-up. Using the unique micro-
structures of leaf skeletons, we present a fractal-like hierarchical surface that can be
used as a versatile and efficient dip catalyst. Copper oxide microcactuses with
nanoscalar features were fabricated onto the Bauhinia racemosa leaf skeletons via a
combination of physical vapor deposition, electroplating, and chemical oxidation
methods. The coated leaf skeletons have a very high surface area, and the three-
dimensional (3D) morphology allows the reactants to encounter the catalytic sites
efficiently and move around the reaction mixture swiftly. The fabricated
bioinspired leaf skeleton-based dip catalyst was characterized and demonstrated to be very efficient for alcohol dehydrogenation
reaction, examined under different experimental conditions. A ceramic 3D-printed catalyst holder was designed to hold the catalysts
to avoid any damage caused by the magnetic bars during the reactions. The performance is determined using the reaction yields, and
the efficiencies are correlated with microcactus-like structures composed of CuO and the 3D fractal-like shape provided by the leaf
skeleton. This strategy can be applied to fabricate other dip catalysts using different materials and designs, suitable for catalyzing
numerous other chemical reactions.
KEYWORDS: copper oxide, leaf skeleton, dip catalyst, bioinspiration, alcohol dehydrogenation

■ INTRODUCTION
Recently, heterogeneous catalysts are drawing huge attention
due to their versatile uses including energy generation,1

environmental remediation, and synthesis of high-value
industrial products.2,3 To increase their recyclability and
efficiency, catalyst nanoparticles have been put onto a film or
mounted on a substrate and used as a dip catalyst.4,5 These
types of catalysts are growing in popularity due to their good
recyclability, spontaneous reaction manipulation/control, and
good turnover number and turnover frequency.4 Traditionally,
the dip catalysts are fabricated in two ways: by assembling the
catalytically active material as thin films4,6 or by immobilizing
the catalyst nanoparticles onto a substrate.7,8 Many methods
have been reported in the past to fabricate efficient dip
catalysts.9 The substrates range from sintered inorganic
surfaces to biopolymer-based surfaces to immobilize the
catalytic nanoparticles. Bioinspired dip catalysts have also
been reported where bioinspired surfaces were fabricated to
immobilize and lock the catalyst particles to obtain dip
catalysts.10,11 Most commonly, dip catalysts have been
demonstrated in Suzuki−Miyaura cross-coupling reactions.
However, dip catalysts have also found their applications in
catalyzing the degradation of nitroarene compounds,7 surface-
enhanced Raman spectroscopy (SERS) substrates,5 and sensor
substrates.12 Despite the good efficiency, recyclability, and

versatility, the most common problems in the dip catalysts are
related to the lack of surface area (micro/nanostructured
morphology), catalyst leaching, surface fouling, and the
aggregation of the catalyst particles. Also, the surfaces are
often two-dimensional, which restricts the movement of the
reactants smoothly during the reaction process.

Copper oxides are very promising catalyst candidates in
heterogeneous catalysis because of their extremely low cost,
accessibility, and low toxicity as compared to other transition
metal oxides.13,14 Most important use of the CuO catalyst is in
the formation of C−S bonds in high-value products that are of
medicinal and material interest.15,16 In addition, CuO particles
have also been used in the oxidative dehydrogenation of
various primary and secondary alcohols to carbonyl com-
pounds, which is a fundamental reaction in nature and
synthetic organic chemistry.17,18 These reactions are carried
out at high temperatures (>200 °C) and need stoichiometric
amounts of catalysts, and their scale-up makes the waste
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disposal problematic. Therefore, recent attention is focused on
the development of micro/nanostructured CuO-based hetero-
geneous catalytic surfaces to decrease the impact of these
processes on the environment. One of the most popular
approaches to preparing the catalytically active micro-/
nanostructured CuO is the hydrothermal method.19−21 This
method enables control over the crystallographic structure and
in the orientations of the catalytically active sites. Some other
wet chemical approaches were also reported to prepare the
catalytically active and stable CuO micro/nanostructures.22−26

In the traditional methods, high temperature, high pressure,
and long reaction time are the possible disadvantages as it
increases the production cost and scale-up is difficult.
Subsequently, it is still worth developing new and effective
synthetic methods for high-performance CuO-based catalysts.
Introducing micro/nanoscale roughness and three-dimen-

sional (3D) morphology to the dip catalysts can be
challenging. However, the bioinspired surfaces provide well-
defined morphological features ranging from macroscale to
micro/nanoscale.11,27−30 These well-ordered microstructures
can be found in the eyes of insects,31 in butterfly wings,32

gecko feet,33 various types of leaves,10,34−36 fish scales,37 etc.
The interplay of the unique multiscale surface morphologies of
biological surfaces and the material functions leads to
interesting properties. This has encouraged scientists to tailor
the surface morphologies to achieve specific functionalities.37,38

The most important functionality imparted by a fractal-like
bioinspired architecture is the high surface-area-to-volume
ratio. The high surface area and the organized orientation of
the micro/nanostructures enable these functional surfaces to
be used in many applications such as water harvesting, self-
cleaning surfaces, electronics, etc.39 The high surface area of
the natural surfaces makes them suitable to be utilized in
catalysis.10,11 However, the reports on the biotic and
biomimetic surfaces that can be used in the catalysis
applications are still very limited, and the only reports include

the immobilization of the already prepared catalyst nano-
particles on the bioinspired surfaces.

In this work, we report a biotic 3D dip catalyst based on leaf
skeletons. Leaf skeletons have multiscale interconnected
fractal-like structures that display a micromesh-like morphol-
ogy. The fractal-based design is also beneficial in catalysis
because this overcomes the restrictions of the mostly used
planar designs by significantly increasing the surface area at the
microscale and maximizing the surface-to-volume ratio, using
principles of simple scaling. The 3D mesh/fractal-like
morphology allows the smooth circulation of the reactants
while allowing the maximum catalyst area/catalytic sites to
participate in the reaction. Micro/nanostructures with needle-
like protrusions were grown on the leaf skeletons using a
combination of sputtering, electrodeposition, and chemical
oxidation techniques. We call these microstructures “micro-
cactuses” due to their uncanny resemblance to the Texas
nipple cactus (Mammillaria prolifera). These microstructures
increase the overall surface area and the number of catalytically
active sites. The properties of the fabricated surfaces are
studied using scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDS) mapping, X-ray diffrac-
tion (XRD) analysis, and X-ray photoelectron spectroscopy
(XPS). We further demonstrate that the bioinspired dip
catalyst is a highly efficient heterogeneous catalyst. The
catalytic activity and the versatility of the catalyst are
demonstrated in the oxidation of alcohols under mild reaction
conditions using atmospheric oxygen as an oxidant. The
insights gained from this work will help to repurpose the biotic
and nanostructured catalysts as inexpensive, high-surface-area
surfaces for catalysis.

■ RESULTS AND DISCUSSION
The fabrication of CuO microcactus on the leaf skeletons of B.
racemosa plant is shown in Figure 1. Herein, a modified
electrodeposition and chemical oxidation process was

Figure 1. Schematics of the fabrication procedure of CuO microcactus on B. racemosa leaf skeleton and dip catalyst assembly.
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combined that helps in the three-dimensional uniform coating
of the leaf skeleton with CuO.
Generally, there is a significant variation in the size, vein

orientation, area coverage, fractal dimensions, and top-
ographies between the leaf skeletons of different plant
species.40,41 In this work, leaves of B. racemosa were chosen
due to their commercial availability, high surface area,42 and
interesting fractal structures. Figure 2 displays the SEM images
of the leaf skeletons before the electrodeposition, after Cu
deposition, and after oxidation. The microcactuses form from
electrodeposited Cu film during the chemical oxidation
process. Figure 1 shows the schematics and camera images
(insets) of the preparation procedure. We have demonstrated
the mechanism of the formation of similar CuO structures at
the surface of the copper during the oxidation process in our
previous reports.43 The CuO particles that etch off from the
surface of the leaf skeleton have high surface energies and are
very reactive as well. Due to the 3D surface and unique
morphology provided by the leaf skeleton of B. racemosa, the
CuO particles aggregate around the rough micro blocks
created during the Cu deposition process (Figure 2e,f). As
evidenced from the figure, these micro blocks usually range
from 1 to 3 μm in diameter. The oxidation of Cu to CuO leads
to the nanoneedle-like structures on these micro blocks and
makes the structures look like microcactus. The microcactus-
based surface displayed a very good surface area of 3.09 ± 0.03
m2 g−1, which was calculated using the Brunauer−Emmett−
Teller (BET) surface area method (refer Figure S1, Supporting
Information). This surface area may not be comparable to the
noble metal nanoparticle-based catalyst dispersed in a solution
but is high compared to other reported CuO nanoparticles,
commercial bulk CuO, and other heterogeneous dip
catalysts.44−46

Control samples with planar surfaces were also fabricated. A
CuO layer was grown on copper plates following the same
procedure as above. We noticed random nanograss-like
structures (Figure S2, Supporting Information) that are due
to the lack of micro-block-like structures and the 3D
orientation provided by the leaf skeleton. It should be noted
that leaf skeletons of different plant species have different
morphologies on the micro- and macroscale, and the use of
different leaf skeletons affects the deposition of Cu and
eventually leads to the change in the CuO microstructure
morphology. In addition, a modified chemical oxidation
process leads to the different shapes of the CuO micro-
structures that we have demonstrated in our previous
studies.43,47

SEM was employed to characterize surface microstructures,
and the images at different resolutions are displayed in Figure
2. In Figure 2a−c, the Au-coated leaf skeleton of B. racemosa
can be seen, and the internal vascular bundles along with lignin
fibers are also clear. It is noteworthy to mention that a thin Au
layer does not affect the morphology of the microstructures
present in the fractals and is a common practice to make
surfaces conducting before SEM measurements. Their arrange-
ment gives the dense fractal-like geometry at the milli- and
microscales. Unlike the other leaf skeletons reported in the
literature,41,48,49 the leaf skeletons are denser and the average
gap between the fractals ranges from 10 to 20 μm. Figure 2d−f
shows the B. racemosa leaf skeleton after Cu electrodeposition.
As evidenced from the images, Cu has been deposited
uniformly along the skeleton surfaces. The Cu is deposited
in the form of 3D micro blocks/slabs having an average
diameter of ∼500 nm to 2 μm. This is due to the irregular and
unique surface of the B. racemosa leaf skeleton. It is noteworthy
to mention that the type of the skeleton and the surface
morphology may lead to variations in the electrodeposited

Figure 2. SEM images of the B. racemosa leaf skeleton with Au coating (a−c), Cu coating after electrodeposition (d−f), and CuO microcactus (g−
i) at different resolutions.
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metal coatings.43,50 Figure 2g−i shows the CuO microcactus
structures bearing nanoneedles formed after the oxidation
process. The structures display an average diameter in the
range of 2−20 μm and have dense nanoneedles arranged in 3D
that make the morphology look like a microcactus. It is also
clear from the SEM images that the dense fractal-like
morphology was intact after the fabrication process and the
CuO microcactus cover the whole surface. EDS was used to
confirm the presence of Cu on the leaf skeleton surfaces. The
EDS data confirm the presence of Cu and CuO on the leaf
skeleton surfaces and are shown in Figures S3 and S4,
Supporting Information.
The phase purity and structural characteristics of the Cu and

CuO microcactus on the leaf skeletons were conducted using
XRD analysis shown in Figure 3a. The XRD peaks in CuO
microcactus appeared at 2θ (36, 39.3, 43.8, 49.4, 51, 61.9, 66.7,
68.4, 74.6°) values. Here, the peaks at 36, 39.3, 49.4, 61.9, 66.7,
and 68.4° can be assigned to the (002), (111), (202), (1̅13),
(311), and (220) planes that originate from CuO crystalline
phases (JCPDS card no. 45-0937), while the peaks at 43.8, 51,
and 74.6° come from the (111), (200), and (220) planes from
the copper film underneath (JCPDS card no. 85-1326). Before
oxidation, only peaks of metallic copper were present. The

presence of metallic peaks after the oxidation indicates that
only the surface of metallic Cu has transformed to CuO in the
oxidation treatment. The XRD spectra show that the CuO
microcactuses are crystalline with the monoclinic structure,
which corresponds to the CuO.51 The other crystalline phases
of copper oxide such as Cu(OH)2 and Cu2O were not
observed.52 The XRD results show that the CuO micro-
cactuses fabricated on the leaf skeletons grow in a single phase
and have a high degree of purity. XRD also confirmed the
presence of CuO on the surfaces.

XPS was used to analyze the chemical composition of the
sample surfaces. The chemical state of Cu was analyzed from
the Cu LMM Auger transition shown in Figure 3b since it is
more sensitive to different chemical states than the Cu 2p core-
level peak. Before chemical oxidation treatment, that is after
electroplating, the surface consisted of primarily metallic Cu
(Cu0) with some CuSO4.

53 The composition is typical for an
electroplated Cu surface containing some traces of CuSO4
plating solution. After the chemical oxidation treatment, the
surface had oxidized to Cu2+−O and Cu2+−(OH)2. The
presence of metastable hydroxylated Cu2+ is characteristic of
the chemical oxidation, was detected only for freshly treated
samples, and is subject to transform to a more stable CuO

Figure 3. (a) XRD pattern of Cu-coated leaf skeletons before and after oxidation. (b) High-resolution XPS core-level spectra of (a) Cu and (b)
CuO. CuO and Cu(OH)2 were fitted using experimental references, and CuSO4 is fitted using a synthetic component.

Figure 4. Preparation of ceramic 3D-printed dip catalyst holder and reaction setup.
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(Figure S5).54 Therefore, the chemical state of the micro-
cactuses was identified as CuO.
The application of the dip catalyst was demonstrated using

alcohol dehydrogenation reactions. A ceramic 3D-printed
catalyst holder was used to hold the catalysts to avoid any
damage caused by the magnetic bars during the reactions, as
shown in Figure 4. The general scheme of the alcohol
dehydrogenation reactions is shown in Scheme 1. Although

various forms of copper oxide can catalyze the alcohol
dehydrogenation reaction, only copper in the oxidation state
+2 is reported to show significant activity and good selectivity
for the oxidation of alcohols.55,56 For the model reaction, the
oxidation of benzyl alcohol was investigated in the presence of
CuO microcactus-coated leaf skeleton as a dip catalyst. The
reaction was carried out in toluene at 100 °C and air (1 atm
pressure). The reaction was swift and gave an excellent yield
for the aldehyde as the product. The bioinspired dip catalyst
displayed very good selectivity of >80 and ∼90% conversion
efficiency. There was no sign of disproportion products such as
esters, acids, alcohols, etc., which indicated that there was no
overoxidation during the reaction as evident from the
corresponding NMR spectra and high-performance liquid
chromatography (HPLC) spectra (refer to the Supporting
Information). The planar surface consisting of CuO grown on
a glass slide was used as a control. Although the control
surfaces were able to catalyze the alcohol dehydrogenation
reaction, the yield was low (55%) as compared to the
bioinspired dip catalyst. This may be due to the low surface
area of the control due to their planar structure as compared to
the skeleton samples as suggested by the BET analysis. The
yield of the reaction with the control sample will be increased
when some extra CuO-decorated plates will be inserted. A
control experiment without any catalyst was also performed,
and the benzaldehyde formation was very minimal under the
specified reaction settings.
To optimize the best reaction conditions, the bioinspired dip

catalyst was tested in atmospheric air at different temperatures.
It is clear from Table 1 that on increasing the reaction

temperatures (R.T.−100 °C), the conversion percentage of the
benzyl alcohol to benzaldehyde increases significantly. The
bioinspired dip catalyst displayed more selectivity for
benzaldehyde at higher temperatures, and the variation in
selectivity increased from ∼90 to ∼98% within 24 h. It is
noteworthy to mention that the catalyst amount is directly
linked to the rate and the efficiency of the reactions. Hence, in
this case, a multilevel catalyst holder can accommodate even
more catalyst strips that may lead to higher yields.

Figure 5 shows the time-dependent catalytic performance of
the bioinspired dip catalyst and the control planar surfaces. It is

clear from the figure that the initial rate of the reaction is low,
and the reaction kinetics was almost similar for both samples,
indicating the initial induction period. After around 8 h, the
conversion of the benzyl alcohol to the benzaldehyde reached
only ∼15% for both the bioinspired dip catalyst and the
control samples. But after 24 h, the reaction mixture having
bioinspired dip catalyst had >95% yield, while the control
samples only gave ∼55%. The induction period originates due
to the slow temperature rise of the reaction mixture to the
target temperature, low surface−substrate interaction, and the
catalyst wetting process.

Once the reaction conditions were optimized, the
bioinspired dip catalyst was employed to check the scope of
aldehyde formation with available alcohols. To demonstrate
the versatility of the catalyst, aromatic alcohols having electron-
withdrawing and -donating groups were used, as seen in Table
2. From the table, it can be seen that the catalyst was able to
catalyze the conversion of a variety of alcohols with very good
selectivity. To prove the diversity of the dip catalyst, we
selected the substrates with different groups (−R) attached to
the reactive hydroxyl group. For the model reaction to
optimize the reaction conditions with benzyl alcohol and then
substituted benzyl alcohol, i.e., 4-methoxybenzyl alcohol (a
group with +R effect, entry 1) and 4-chlorobenzyl alcohol (a
group with -I effect, entry 2), we further expand the diversity of
the dip catalyst we have chosen, heterocyclic alcohol (entry 3),
unsaturated cyclic (entries 5 and 6), and noncyclic alcohols
(entry 7, Table 2). In general, the oxidation reaction yields for
aromatic and heterocyclic alcohols are higher than the
unsaturated alcohols due to the stability of the reactive
intermediate (Cu−alcohol complex) as shown in the reaction

Scheme 1. General Schematic of the Alcohol
Dehydrogenation Reactions Using a Dip Catalyst

Table 1. Influence of Temperature on the Activity and
Leaching of CuO Microcactus toward the Oxidation of
Benzyl Alcohol to Benzaldehydea,b

s.
no.

temperature
(°C)

conversion
(%) selectivity yield

leaching (ppm
Cu)

1 room
temperature

∼5 >90 ∼4 0.0

2 40 ∼15 >95 ∼14 2.9
3 60 ∼18 >95 ∼19 1.2
4 80 ∼61 >95 ∼64 5.4
5 100 >95 >95 >95 5.4

aThe amount of leached Cu during the test was normalized to the
mass of Cu catalyst (108 mg) in the test. bReaction conditions: benzyl
alcohol (4.62 mmol), toluene (dry, 30 mL), catalyst (3 × 2 cm × 2
cm strips, 10 μm equiv thickness of Cu), 24 h, atmospheric oxygen.

Figure 5. Time-dependent oxidation of benzyl alcohol over CuO
microcactus and the control sample. Reaction conditions: benzyl
alcohol (4.62 mmol), toluene (dry, 30 mL), catalyst (3 strips), 24 h,
100 °C, atmospheric air. The solid lines show the yields calculated
using HPLC, and the dashed lines correspond to the isolated yields.
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mechanism. We anticipate that the reactive carbon in the Cu−
reactant complex is electron-deficient; hence, the aromatic
groups and electron-donating groups will increase the stability
of the complex, and this stabilization mechanism increases the
reaction yields. On the contrary, reactive centers that attach to
the electron-withdrawing or unsaturated groups reduce the
stability and eventually lead to lower yields.

One of the major advantages of the dip catalyst is its
recycling capability. An additional important benefit of biotic
dip catalysts demonstrated in this study is the ease with which
the catalyst can be monitored throughout the recyclability
runs, and it is not easy with most of the reported procedures
for the catalyst immobilization.57,58 The recyclability of the
catalysts in the dehydrogenation reactions was tested using the

Table 2. Percentage Yield of Alcohol Dehydrogenation Reaction of Various Alcohols Using a Bioinspired Dip Catalyst in the
Presence of Atmospheric Aira

aReaction conditions: alcohol (500 mg), toluene (dry, 30 mL), catalyst (3 strips), 24 h, 100 °C, atmospheric air.
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dehydrogenation of benzyl alcohol as the base reaction. In the
first run, a yield of ∼98% was reported. For the recyclability
experiments, the dip catalyst was taken out after each cycle,
washed, dried at room temperature, and reused for the next
reaction cycle. In this case, it was found that the catalysts were
reusable, and the yields obtained after six cycles were very
good with an average fluctuation of ∼5% in each cycle, as seen
in Figure 6. Negligible wearing or leaching of the CuO was

observed from the surface and was confirmed by the
inductively coupled plasma mass spectrometry (ICP-MS)
(refer to Table 1). We observed that the nanoneedles seem
to be settled in this case after the reaction; however, the surface
roughness was still very high (refer to Figure S5, Supporting
Information). The oxidation state of the copper oxide was also

maintained after the first run as confirmed by XPS (Figure S6,
Supporting Information). The planar control samples had a
significant loss in the catalytic activity with the yields dropping
to less than 50% after the first run and less than 15% in the
second run. This suggests that the catalytic activity of the
control sample might be because of the leaching of the material
from the surface of the film. In the general heterogeneous
catalyst system, turnover numbers are used for the estimation
of the longevity of a catalyst system and turnover frequency
shows the kinetics of a reaction. This requires the estimation of
the active catalytic sites, which is usually possible in a
nanoparticle-based system, and the values can be calculated
theoretically and practically. Also, this makes more sense when
precious metals like Pd or Pt are used for the catalytic
processes. However, in the current system, it is very difficult to
exactly predict or calculate how much of the Cu is converted to
copper oxide; hence, the exact estimation of the catalytic sites
is not possible.

A brief mechanism for CuO microcactus-catalyzed alcohol
dehydrogenation under aerobic conditions is shown in Figure
7, where the dehydrogenation of benzyl alcohol to
benzaldehyde is taken as a model reaction. In a typical
reaction cycle, benzyl alcohol adsorbs on the rough CuO
microneedles and active microscopic catalytic sites, creating a
Cu−alkoxide intermediate. The deprotonation is facilitated by
the neighboring surface oxygen. This is followed by Cu(II)-
induced β-H elimination, which generates Cu(II) hydride and
a benzyl carbocation. This intermediate eventually leads to the
aldehyde formation. Finally, the oxygen interacts with the
hydride to form a peroxide anion and regenerates the catalytic
Cu(II) site. After this step, the peroxide anion reacts with a
second hydride to further reduce it to hydroxide anions, which
further react to produce water as the only side product.
Poreddy et al. have recently suggested that redox cycling of

Figure 6. Percentage yields obtained in repetitive runs of the alcohol
dehydrogenation reaction using CuO microcactuses on leaf skeleton-
based dip catalysts. Reaction conditions: benzyl alcohol (4.62 mmol),
toluene (dry, 30 mL), catalyst (3 strips), 24 h, atmospheric oxygen.

Figure 7. Mechanism schematic of the CuO microcactus-catalyzed alcohol dehydrogenation reaction.
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active copper centers is involved in a similar mechanism
involving the use of CuO for alcohol dehydrogenization.18 The
high surface area provided by the Cu microcactus acts as the
microcavities. These cavities act as microreactors and facilitate
the interaction of the reactants with the catalysts efficiently
toward product formation.
Overall, the results reveal that electrodeposition and

chemical oxidation are effective tools to grow the high-
surface-area CuO on the surfaces. The surface features of the
leaf skeleton play a crucial role in manipulating the
morphology of the CuO. As compared to the control samples
with a planar surface, the biotic dip catalysts based on leaf
skeletons offer microtextured structures in the form of
microcactuses, which allow the reactants to move freely and
interact with the catalyst. Herein, the cavities created by the
nano and microstructures act as microreactors for catalysis in
addition to offering multiple catalytic sites, as demonstrated in
this case for the oxidative dehydrogenation of the alcohols.
The catalysts were even better suited as catalysts for the
oxidative dehydrogenation of the alcohols. Very good
recyclability was observed with minimal stripping and leaching
of the catalyst. The control surfaces have micrograss-like
structures arranged in 2D that limit the availability of the
catalytically active surfaces and limit the catalytic activity. Most
of the materials used in the fabrication of biotic dip catalysts
are inexpensive and come from a sustainable source. For the
proof of concept, a very thin film of Au was used as the
preliminary conductive layer for electrodeposition, which is
expensive. However, for large-scale applications, a thin layer of
other inexpensive metals can also be deposited to make the
overall process more cost-effective. The insights from this
study will help to design efficient catalytic systems where
bioinspired designs can be combined with a variety of catalytic
materials using different deposition techniques.

■ CONCLUSIONS
In conclusion, we propose a new method of producing high-
surface-area microcactus-like morphology onto the leaf
skeletons having a high surface area to obtain an efficient dip
catalyst. First, copper oxide microtufts resembling the M.
prolifera were fabricated onto the B. racemosa leaf skeletons
using a combination of physical vapor deposition, electro-
deposition, and chemical oxidation. The fabricated surfaces
with microcactus-like morphology displayed high surface area
and a freestanding surface. The biotic dip catalysts were
productively used in large-scale oxidative alcohol dehydrogen-
ation reactions. A 3D-printed ceramic catalyst holder was
designed and fabricated to hold the catalyst strips so that the
catalytic reaction can proceed swiftly. The leaf skeletons
bearing CuO microtufts provided very good yields along with
good recycling capabilities and easy redeployment during each
reuse cycle. The bioinspired dip catalyst system was very
versatile and was able to catalyze the dehydrogenation of
various types of alcohols with high yields. Based on our study,
it can be concluded that the unique shape of the CuO
microcactus and the fractal structures of the leaf skeleton
determine the performance of the biotic dip catalysts. The
CuO and leaf skeleton-based dip catalysts with easy fabrication,
convenient handling, easy deployment, commercial viability,
and recyclability, complemented with good catalytic efficiency
can prove very useful in catalyzing many other synthetic
organic reactions as well. This method demonstrated here can

be easily applied to a large scale as well and makes it suitable
for industrial use.

■ EXPERIMENTAL SECTION
Materials. Toluene, 99.85% extra dry over a molecular sieve

(ACROS Organics), was used as a reaction solvent. Ethyl acetate,
99.9%, and petroleum ether (boiling range 40−60) used for column
purification were procured from VWR. Thin-layer chromatography
(TLC) plates used to monitor the reaction progress were obtained
from Sigma-Aldrich (silica gel on aluminum foils with fluorescent
indicator 254 nm). Silica gel used for column chromatography was
procured from Sigma-Aldrich (high-purity grade, pore size 60 Å, 70−
230 mesh, 63−200 μm). Leaf skeletons of B. racemosa were supplied
by “Leaf Vein Crafts”, Toronto, Canada.
Electrodeposition of the Cu onto the Leaf Skeleton. Leave

skeletons of B. racemosa were cut into equal dimensions, and a Au
layer (∼30 nm) was first sputtered onto the surfaces to provide
sufficient conductivity for electrodeposition. Then, the Au-coated leaf
skeletons were electrodeposited with Cu from an acidic plating
solution consisting of 1 M H2SO4 (95−97% H2SO4, 1.00731.1011
Merck Emsure, Merck), 0.5 M CuSO4 (CuSO4·5H2O, 209198-500G
copper(II) sulfate pentahydrate, ACS reagent, ≥98.0%, Sigma-
Aldrich), 1 μM HCl (37% HCl, H 396 Romil-SpA Super Purity
Acid, Romil), and ultrapure deionized H2O (18.2 MΩ cm, Merck
Milli-Q). The electrodeposition was made in a 1 L polypropylene
beaker using a power source (Thurlby Thandar TSX3510 DC Power
Supply). The leaf skeleton served as the cathode, and a copper foil
(99.99%) was used as the anode. The connections to the electrodes
were made using Cu alligator clips. A stativ was used to support all of
the electrodes in the cell. The electrodeposition was performed using
a galvanostatic method at −10 mA cm−2 at room temperature. The
electrodeposition time was 45 min 21 s that corresponds to 10 μm
cm−2 Cu film thickness on a planar surface. A sufficiently thick Cu
coating was required to provide the dip catalyst with adequate
mechanical strength. For simplicity, the surface area of a leaf skeleton
was approximated as the surface area of an intact leaf. We note that
the actual surface area of a leaf skeleton and the Cu film thickness is
different. However, the method allowed high reproducibility of similar
Cu coatings on different-sized leaves. After the electrodeposition, the
sample was gently washed with deionized H2O and dried with a mild
stream of N2.
Fabrication of CuO Microcactus on the Leaf Skeleton

Surfaces. To convert the surface of the Cu leaf skeleton to CuO
microcactuses, we used a chemical oxidation method described
previously.43 The Cu-deposited leaf skeletons were first gently rinsed
with ethanol and deionized H2O (ELGA PURELAB Option-R7) and
ultrasonicated for 15 min in each. The surfaces were then blown-dried
with N2. The Cu-coated leaf skeletons were then transferred to a
container with an aqueous solution of 1 wt % NaOH and (NH4)2S2O8
(1:1). The sample containing the solution was then gently stirred at
room temperature for 15 min. The samples were then taken out and
rinsed with ethanol followed by deionized water. The samples were
put in an oven at 150 °C for 2 h to allow the phase change from
hydroxide (bluish brown) to oxide (dark brown).
Preparation of the Ceramic Catalyst Holder for the

Reaction. The catalyst holder was 3D-printed using a Lithoz
CeraFab 7500 ceramic 3D printer. A commercial alumina slurry
LithaLox HP 500 was used to avoid it potentially interfering with the
chemical reactions. For the reactions, catalysts of area 2 cm × 2 cm
were cut using scissors. The surfaces were then mounted onto the 3D-
printed catalyst holder (Figure 4) so that the reactants have access to
the catalyst surface without any damage caused by the magnetic bead.
Characterization. The surface morphology was studied using a

scanning electron microscope (SEM) operating at 15 kV (JEOL IT-
500). The samples were mounted onto an aluminum stub and carbon
tape (Agar Scientific). Elemental analysis was conducted using
energy-dispersive X-ray spectroscopy (EDS) accessory connected to
the SEM. The surface chemical analysis was performed by an X-ray
photoelectron spectroscopy (XPS) system equipped with an X-ray
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source (Al Kα, 1486.6 eV) and a hemispherical electron spectrometer
(VG MicrotechCLAM 4). The binding energy scale was referenced to
the C 1s C−C/H peak at 284.8 eV. The chemical state of Cu was
analyzed from Cu LMM transition by least-squares fitting of
experimental line shapes recorded for Cu0, Cu2O, CuO, and
Cu(OH)2 references.59 To prepare Cu(OH)2 reference, a piece of
Cu foil (99.99%) was first dissolved in HNO3. Then, the solution was
neutralized with NaOH, which resulted in the precipitation of blue
Cu(OH)2 that was dried for XPS analysis. A synthetic Gaussian
component was used for CuSO4. X-ray diffraction (XRD) measure-
ments were performed using a PANalytical Empyrean multipurpose
X-ray diffractometer using Ni-filtered Cu Kα irradiation (λ = 0.1542
nm) at 40 kV and 40 mA in 2θ ranging from 5 to 80° with a scan rate
of 2° min−1 with a stepping size of 0.02°. The Cu catalyst
concentration in the solution after the reaction was determined
using inductively coupled plasma mass spectrometry (ICP-MS)
(Thermo Scientific iCAP RQ). Ionic standard solution with a
concentration range of 0.001−1000 μg L−1 for Cu was prepared in 2%
HNO3 using super-pure chemicals (Romil-SpA) and applied to
measure the calibration curve. The limit for detection of Cu leaching
in the catalytic test was 0.06 ppm. Ultrapure H2O (18.2 MΩ cm,
Merck Milli-Q) was used for solution preparations. Toluene samples
(0.5 mL) were first evaporated to dryness and then dissolved in 5 mL
of 2% HNO3. The surface area of the CuO microcactus-bearing B.
racemosa leaf skeletons was determined with a Micromeritics 3Flex
adsorption analyzer with nitrogen gas under liquid nitrogen. The
crude lyophilized product was purified by RP-HPLC using Thermo
Scientific 250 × 10 Hypersil ODS 5 μm, flow rate 3 mL min−1 using
isocratic elution of CH3CN and H2O (50:50, v/v) desired fraction
was collected and dried. 1H and 13C nuclear magnetic resonance
(NMR) spectra were recorded on Bruker Avance 400 and 500 NMR
spectrometers and a JEOL-500 MHz instrument (SCZ500R, JEOL
Resonance, Japan) in CDCl3 as solvent. Chemical shifts (δ, ppm) are
cited relative to the residual solvent peak (as an internal standard).
Alcohol Dehydrogenation Experiments. In the general

dehydrogenative alcohol oxidation reaction, the three dip catalyst
strips (2 cm × 2 cm) were mounted on a 3D ceramic holder, which
was gently immersed in a glass reaction vessel in 30 mL of dry
toluene. To this reaction assembly, 500 mg of substrate (alcohol) was
added and the reaction vessel was sealed and stirred at 100 °C for 24
h. The oxygen inside the reaction vessel at atmospheric pressure acts
as an oxidant for the dehydrogenative oxidation of alcohol. After 24 h,
the reaction mixture was freeze-dried, and the crude reaction mixture
was purified by column chromatography on silica gel with petroleum
ether and ethyl acetate solvent system. The isolated yields were
reported from the purified products, and the pure aldehydes were
characterized by proton and carbon NMR spectroscopy. For the
optimization of the model reaction (benzaldehyde), the HPLC was
performed for the crude reaction mixture to determine the percentage
conversion, and the pure compound was collected from HPLC and
characterized by NMR spectroscopy.
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