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le-decorated germanane for
selective photocatalytic aerobic oxidation of
benzyl alcohol†

Chuyi Ni, Madison Chevalier and Jonathan G. C. Veinot *

Two dimensional materials such as germanane have attracted substantial research interest due to their

unique chemical, optical, and electronic properties. A variety of methods for introducing diverse

functionalities to their surfaces have been reported and these materials have been exploited as

photocatalysts. Herein, we report the preparation of metal nanoparticle (Au, Ag, Cu, Pd, Pt) decorated

germanane (M@GeNSs) via facile surface-mediated reduction and investigate their structure,

composition, as well morphology using X-ray diffraction (XRD), Fourier-transform infrared spectroscopy

(FTIR), X-ray photoelectron spectroscopy (XPS) and transmission electron microscopy (TEM). These

functional materials were subsequently explored as photocatalysts for selective visible light-induced

oxidation of benzyl alcohol to benzaldehyde as freestanding nanosystems and thin films and a reaction

mechanism of the photocatalytic oxidation of benzyl alcohol is proposed.
Introduction

Germanane and silicane are 2-dimensional semiconductors
that comprise atoms bonded in an arrangement approximating
that of the atoms on the (100) surfaces of hydrogen-terminated
Ge and Si, respectively.1 These materials possess surface
chemistry dependant optical band gaps in the range of 1.4–
1.7 eV (germanane)2 and 2.4–2.6 eV (silicane);3 several studies
have also reported their use as photocatalyst.4 Visible light
irradiation of hydrogen-terminated germanane provided Liu
et al. with a source of hydrogen from aqueous methanol, as well
as a means to photodegrade rhodamine B.5 These authors later
extended this same reactivity tomethyl-terminated germanane.6

Pumera and colleagues expanded upon Liu's studies and
explored the reactivity of an array of germananes bearing
various surface groups while evaluating the impact of surface
chemistry on their photoelectrocatalytic activity in the hydrogen
evolution reaction.7 Taking a different approach, Ozin and co-
workers modied silicanes by exploiting the reducing nature
of Si–H surfaces and decorated said surfaces with Pd nano-
particles; these materials catalyzed photoreduction of carbon
dioxide.8 Most recently, Zhao et al. described yet another
approach toward tailoring group 14 element nanosheets with
the formation of “siligenes” terminated with a mixture of –H/
–OH surface groups. These mixed element 2D materials
provided photocatalytic hydrogen evolution from water and
ta, Edmonton, Alberta, Canada T6G 2G2.

tion (ESI) available. See DOI:

36
carbon dioxide reduction to provide carbon monoxide.9 All of
these studies point to the tunability, intriguing reactivity, and
practical potential of 2D nanomaterials based upon group 14
elements.

Drawing inspiration frommetal decorated silicane as well as
the established reactivity of bulk germanium,10 we have
explored the reactivity of germanane (GeNS) and demonstrated
the straightforward deposition of a variety of metal nano-
particles (MNPs) onto their surfaces (Scheme 1).

Selectively oxidizing alcohols to aldehydes so they can be
utilized in aldol condensation reactions to form b-hydrox-
yaldehydes is essential to ne chemical and pharmaceutical
syntheses (e.g., the synthesis of cinnamaldehyde).11 Tradition-
ally, these transformations are achieved using stoichiometric
quantities of homogenous chromate- or permanganate-based
oxidants that bring with them concerns related to toxicity and
responsible disposal.12 Of late, much effort has been focused on
developing alternative reaction schemes including those
exploiting sustainable heterogeneous catalysts.13–15 Many
heterogeneous catalysts based upon active noble metals (e.g.,
Au, Pd, Pt, and their alloys) have been reported.16,17 Among the
new catalytic systems that have been explored for photocatalytic
oxidation, metal-decorated semiconductor (e.g., TiO2, CdS,
Bi2WO6) substrates that can be light activated have garnered
much attention in part because of the advent of efficient light
sources that are driving a concerted push to decarbonize
industrial chemical conversions.16,18,19 Herein, we demonstrate
that metal-decorated germanane hybrid nanomaterials can
catalyze visible light-mediated, solvent-free oxidation of benzyl
alcohol (BA) to benzaldehyde (BAL).
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d2na00518b&domain=pdf&date_stamp=2022-12-16
http://orcid.org/0000-0002-8032-1685
http://orcid.org/0000-0001-9560-164X
http://orcid.org/0000-0001-7511-510X
https://doi.org/10.1039/d2na00518b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00518b
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA005001


Scheme 1 A pictorial illustration of the formation of metal nanoparticle-decorated germanane. Germanane flakes were prepared via topotactic
deintercalation of calcium ions from CaGe2. The flakes were subsequently sonicated in Milli-Q water for 2 h to obtain the germanane nano-
sheets. Aqueous solutions of metal salts (i.e., AuCl3, AgNO3, CuCl2, PdCl2 and PtCl4) were added into the aqueous suspension of germanane
nanosheets. Metal ions are reduced to metal nanoparticles and deposited onto the germanane surfaces with the evolution of the bubbles.
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Materials preparation and
characterization

Germanane used in the present study was prepared via top-
otactic deintercalation of calcium digermanide (Scheme 1).20

The product of the deintercalation was sonicated for 2 h in
water to maximize exfoliation of GeNSs that were immediately
combined with aqueous solutions containing the metal salt of
choice (i.e., AuCl3, AgNO3, CuCl2, PdCl2, PtCl4). Upon adding
the metal salt solution to the GeNS suspension, the Ge–H
moieties on the GeNS surfaces immediately react, reduce the
metal ions, and deposit size-polydisperse metal particles onto
the GeNS surfaces. This process is accompanied by the evolu-
tion of bubbles (presumably hydrogen) and a colour change
from red to grey/black independent of the metal employed.

Powder X-ray diffraction (XRD) was used to interrogate the
nature of the metal deposits on the decorated GeNSs (i.e.,
M@GeNSs; Fig. 1a and d and S1†). In all cases, M@GeNSs
showed broadened reections characteristic of the target metals
superimposed on the (006), (012), (110) and (116) reections
arising from GeNSs.21 These observations are consistent with
the successful deposition of metal nanoparticles and retention
of the GeNS structure. The broadening of the characteristic
reections arising from the nanoparticles depends upon the
metal in question. Analyses of these reections provide
approximate crystallite sizes (i.e., Au, 17.4 nm; Ag, 27.4 nm; Cu,
35.6 nm; Pd, 12.7 nm; Pt, 4.8 nm) by using the Scherrer
equation.22

To further investigate the nature of the parent GeNSs and
M@GeNSs, we interrogated the materials using Fourier-
transform infrared (FTIR) and X-ray photoelectron (XPS) spec-
troscopies. The FTIR spectrum (Fig. S2†) of the parent GeNSs
shows intense features associated with Ge–H stretching
© 2023 The Author(s). Published by the Royal Society of Chemistry
(2000 cm−1) and bending modes (830 cm−1 and 770 cm−1).23

Following metal deposition, FTIR spectra of M@GeNSs dis-
played a prominent feature in the range of 700 to 890 cm−1 that
we attribute to Ge–O vibrations. We also note that the intensi-
ties Ge–H associated features diminished, however they still
remain obvious.24 Our observations are similar to those re-
ported for metal decorated silicane8 and suggest the surface
hydride functionalities have reduced metal ions leaving surface
dangling bonds on the GeNSs that are subsequently oxidized to
form Ge–O–Ge and Ge–O–H moieties.

Looking to XPS, it provides complementary information
related to material composition, as well as bonding environ-
ment, and oxidation states of accessible elements in the mate-
rials in question. The survey spectrum of the parent GeNSs
reveals they comprise Ge, as well as trace Cl (i.e., 1.2 atomic%)
and O (i.e., 5.1 atomic%) (Fig. S3†). In contrast, and consistent
with our FTIR and XRD analyses (vide supra), survey XP spectra
of theM@GeNSs show evidence of oxidation and corresponding
metal particles (Fig. S5†). Deconvolution of the Ge 3d region of
the high-resolution XP spectra gave insight into the speciation
of Ge atoms within the parent and metal decorated GeNSs.
Parent nanosheets (Fig. S4†) show the expected characteristic
Ge emission of germanane at 29.8 eV as well as some Ge2+

(31.2 eV; 3.5% of Ge) and Ge4+ (32.5 eV; 6.2% of Ge). The metal
loadings of M@GeNSs were calculated based upon composi-
tions determined from XP survey spectra integration
(Table S1†). The metal loading decreased from Ag, Pd, Cu, Au,
and Pt, following the same trend as the charge of the metal ions
(i.e., Ag+, Pd2+, Cu2+, Au3+, and Pt4+).

In all cases, the high-resolution XP spectra of M@GeNSs
showed emissions associated with the corresponding metal
(i.e., Au, Ag, Cu, Pd, and Pt) deposits and the underlying GeNSs
(Fig. S6†). For convenience, the present discussion will be
Nanoscale Adv., 2023, 5, 228–236 | 229
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Fig. 1 XRD (a and d) and high resolution XPS analyses (b, c, e and f) of Au@GeNSs (Top) and Ag@GeNSs (Bottom). Reflections marked with
asterisks (*) correspond to crystalline Ge.25 Au and Ag reflections (PDF#89-3697 and 89-3722, respectively) are provided for reference.
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limited to the XP spectra of M@GeNSs (M = Au or Ag). Fitting
the Ge 3d spectra provides a binding energy of 29.8 eV that has
been previously attributed to Ge in the nanosheets.21 We also
note components appearing at 31.3 and 32.5 eV that have
previously been attributed to Ge2+ and Ge4+ species, respectively
(Fig. 1c and f).20 The XP spectra of Au and Ag decorated
M@GeNSs (Fig. 1b and e) show emissions at binding energies
characteristic of the corresponding metallic state (i.e., Au 4f7/2,
83.8 eV; Ag 3d5/2, 368.2 eV). Corresponding data for M@GeNSs
(M = Cu, Pd, Pt) are provided in Table S1 and Fig. S6.†

Diffuse reectance spectroscopy allows direct measurement
of the optical band gap of solids. The optical band gaps of
M@GeNS are smaller than that of GeNSs (i.e., 1.8 eV) in the
range of 1.6 to 1.7 eV and show no obvious dependence on
metal speciation. Urbach tails were observed in the analyses of
all samples (Fig. S7†) and show some sample to sample varia-
tion consistent with varying degrees of disorder and oxidation.23

Additional absorption edges above 2 eV were also noted that are
readily attributed to the metal nanoparticles on the GeNS
surfaces.8

Electron microscopy of M@GeNSs reveals information
regarding material nano-morphology. High-resolution trans-
mission electron microscopy (HRTEM) images conrm the
deposition of nanocrystalline Au and Ag particles onto the GeNS
surfaces (Fig. 2a and e and S8†). Brighteld TEM reveals the
deposited metal nanoparticles are pseudospherical with
dimensions in the range of 2.7 to 18.8 nm consistent with the
observed XRD reection peak broadening (Fig. S9†).26 High-
angle annular dark-eld scanning transmission electron
microscopy (HAADF-STEM) images show M@GeNS morphol-
ogies consistent with bright eld imaging and conrm MNPs
are distributed across the NS surfaces with no evidence of
230 | Nanoscale Adv., 2023, 5, 228–236
ordering (Fig. 2b and f). Finally, EDX mapping conrms the co-
localization of morphological features in brighteld and
HAADF-STEM comprise the target metal (Fig. 2c, d, g and h).
Photocatalytic oxidation performance

With a series of M@GeNSs in hand, we chose to explore their
possible catalytic activity in light-activated aerobic oxidation of
neat benzyl alcohol. This reaction was chosen because the
primary source of benzaldehyde is the gas-phase oxidation of
toluene27 or liquid-phase oxidation of benzyl alcohol.28 Estab-
lished reactions provide complex byproducts (i.e., benzoic acid
and benzyl benzoate) and low conversion efficiencies.29 Given
the established importance of benzaldehyde to cinnamalde-
hyde, exploring new catalytic pathways to its production is of
interest.11 The photochemical reaction conditions investigated
as part of the present study are provided in the Experimental
section. Gas chromatography-mass spectrometry (GC-MS)
analysis of aliquots extracted from the reaction mixture at
regular, predetermined time intervals provided a convenient
means for monitoring of the reaction progress.

A comparison of the corresponding reactivity of GeNSs,
freestanding metal nanoparticles (MNPs), physical mixtures of
freestanding metal nanoparticles and GeNSs (MNPs + GeNSs),
and M@GeNSs under identical conditions provides insight into
the cooperative roles of the components (Fig. 3 and Table S2†).
Upon rst inspection, it is immediately clear the oxidation of
benzyl alcohol does not proceed in the absence of light or in an
inert (i.e., N2) environment.

We also note that the identity of the catalyst is important.
The oxidation of benzyl alcohol to benzaldehyde is not effi-
ciently catalyzed by freestanding metal nanoparticles (i.e., <10%
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TEM and EDX analysis of Au@GeNSs (Top) and Ag@GeNSs (Bottom). High-resolution images (a and e) showing characteristic metal (111)
lattice spacing. HAADF-STEM images (b and f) and corresponding EDX mapping of the indicated elements (c, d, g and h).
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conversion). In this regard, yield and percent selectivity were
not evaluated for these systems. Equivalent evaluation of
parent, hydrogen-terminated GeNSs show a 30.7% conversion,
82.4% selectivity, and 25.3% yield; GeNSs simultaneously
provide the lowest conversion and yield, as well as the highest
selectivity of any nanosheet system investigated here. Of import,
we also noted the presence of benzoic acid in the product
mixture obtained from GeNS suggesting over-oxidation is
possible.

To investigate the impact of introducing MNPs on the cata-
lytic activity of M@GeNSs we rst explored the reactivity of
physical mixtures of MNPs and GeNSs (i.e., MNPs + GeNSs; M =

Au, Ag, Cu, Pd, Pt). In all cases, introducing metal nanoparticles
prepared via solution phase sodium borohydride reduction (i.e.,
mixtures) provided an apparent increase in percent conversion;
however, closer inspection reveals the new higher percent
conversion correlates with the straightforward combination of
the percent conversions realized by the GeNSs and MNPs alone.
This suggests the two nanomaterials are acting independently.
Fig. 3 Photocatalytic oxidation performance: conversion, selectivity an
oxidation of BA. Associated error bars correspond to mean ± SD (N = 3

© 2023 The Author(s). Published by the Royal Society of Chemistry
Consistent with these observations, FTIR analysis of MNPs
(Fig. S11†) suggests they are passivated with O–H and B–O
containing functionalities that would prevent direct interaction
between theMNPs and GeNSs.30 A negligible difference between
the dimensions of freestanding metal particles and metal
particles on GeNSs excludes the inuence of metal particle sizes
(Table S4†). The question remains: does intimate contact
between MNPs and GeNSs inuence reactivity.

As noted above, the reducing nature of the hydride surface
(i.e., Ge–H) on GeNSs provides a convenient approach toward
interfacing GeNSs with MNPs to provide a metal–semi-
conductor hybrid (i.e., M@GeNSs). FTIR and XPS analyses of
these materials (Fig. 1b and e, S2 and S6†) suggest the surfaces
of the MNPs in these systems are accessible to solution borne
reactants and make these intriguing catalyst candidates. In all
cases, other than for reactions involving Au@GeNSs, we note
a statistically relevant increase in percent conversion for
M@GeNSs catalysts when compared to a straightforward
combination of GeNSs, MNPs, and MNP + GeNSs. Ag@GeNSs
d yield of reaction displayed by each of the catalysts for the aerobic
).

Nanoscale Adv., 2023, 5, 228–236 | 231
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Fig. 4 Characterization and photocatalytic performance of Ag@GeNS thin films: PXRD patterns of (a) Ag@GeNSs and GeNS thin films. High
resolution XP spectra of (b) Ge 3d region and (c) Ag 3d region. SEM images of (d) GeNS and (e) Ag@GeNS thin films. Photocatalytic activity and
recovery comparison of Ag@GeNS thin film and powder in 5 reaction cycles (f).
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exhibit the highest conversion (i.e., 83.7%) with an apparent
quantum efficiency (AQE; Fig. S12;† see Experimental section
for calculations) of 7.6%. The high-resolution XP spectra of
Ag@GeNSs aer the reaction showed emissions associated with
the corresponding metallic Ag and Ag2O (Fig. S13a†). The
oxidized Ag can further participate in the oxidation of benzyl
alcohol without additional oxygen; this would increase conver-
sion while decreasing selectivity (i.e., 73.7%).31,32 Pt@GeNSs
show a slightly lower conversion compared to the Ag analogue
(i.e., 80.7%) and higher selectivity for benzaldehyde (i.e., 79.4%)
that when combined leads to a higher yield of 64.1%.

The catalytic performance of different loads of Ag on the
GeNSs is shown in Table S5.† The conversion of benzyl alcohol
increased from 64.6% to 85.4% with increasing Ag loading.
However, the selectivity decreased from 76.2% to 71.2% due to
the over oxidation of benzaldehyde to benzoic acid by excess
Ag.31 As a result, 5% Ag@GeNSs gave the highest yield of 61.6%
(Table S5†). We also note that the presented Ag@GeNSs achieve
a considerable conversion rate and selectivity in a short time
and moderate condition compared to the already reported
literature (Table S6†).

A possible mechanism for the presented catalytic activity of
M@GeNSs is shown in Fig. S15.† Initial exposure to UV light
homolytically cleaved a Ge–Ge bond providing a “Ge$” radical
that can react with surface adsorbed BA. This process leads to
the liberation of hydrogen gas and attachment of an R–Omoiety
to the surface of the GeNS (where R = benzyl) and reformation
of the Ge–Ge bond which preserves the integrity of the GeNS.
Subsequently, light-induced homolytic cleavage of the benzyl
C–Hbond provides a carbon-based “C$” radical that can directly
react with molecular oxygen that is adsorbed to adjacent MNPs
and ultimately lead to the liberation of benzaldehyde.16,33 Of
232 | Nanoscale Adv., 2023, 5, 228–236
particular note, this process will also lead to partial oxidation of
the underlying GeNS which is evident in the presented XPS and
FTIR analyses (Fig. S13b and S14†).

To leverage M@GeNSs as a photocatalyst, the catalyst should
ideally exhibit high recovery and reusability. For convenience,
we used Ag@GeNSs as an illustration (Fig. 4f) to test the reus-
ability of the present systems. For freestanding Ag@GeNSs the
conversion efficiency decreased by nearly half its original value
due to the poor recovery aer only ve cycles; this is not unex-
pected given the small amount of catalyst employed (ca. 40 mg).
The nanoscale Ag@GeNSs suspension in the reaction mixture
was lost during analyses and recycling. In light of the poor
recyclability of the powder catalyst, we prepared Ag@GeNSs
thin lms to improve their reuse. Ag@GeNS thin lms were
characterized using XRD, XPS, and SEM (Fig. 4). These analyses
revealed that the GeNS crystallinity maintained aer the lm
formation and the intense reections characteristic of metallic
Ag conrm the successful deposition of Ag NPs. High-resolution
XP spectra of the Ge 3d region show characteristic emissions
from the Ge in the nanosheet at 29.8 eV as well as two less
intense emissions from Ge2+ and Ge4+. The Ag 3d region showed
an emission at 368.2 eV corresponding to metallic Ag.
Secondary electron SEM images conrm the expected
morphology of GeNSs thin lm (Fig. 4d and S16†) and aer the
deposition of Ag, many dispersed particles with approximate
dimensions of ca. 20 nm are noted on the GeNS surfaces (Fig. 4e
and S16†).

The Ag@GeNSs thin lms were evaluated under the same
photocatalytic conditions as their freestanding counterparts
(see Fig. 4f and Table S7†). From these analyses, we note
a marked improvement in recyclability over freestanding
systems with thin lms showing an average of 97.7% recovery
© 2023 The Author(s). Published by the Royal Society of Chemistry
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and 79.8% conversion percent over 5 cycles. Although the
catalytic performance during the rst cycle is not as high as
Ag@GeNSs powder, the excellent recovery provides long-term
cycling.

Conclusions

Herein, we have demonstrated a facile method for introducing
a variety of adherent metal nanoparticles (Au, Ag, Cu, Pd, Pt) to
the surfaces of GeNSs. XRD and XPS analyses conrm that the
GeNS structure remained intact during the deposition process
and metal nanoparticles were formed. Further, TEM studies
revealed the morphology of the M@GeNSs and showed the
metal nanoparticles were distributed over the entire GeNS
surface. The presented materials were subsequently interro-
gated as photocatalysts for the selective visible light-induced
oxidation of benzyl alcohol. The M@GeNSs possess a higher
conversion efficiency compared to a straightforward mixture of
freestanding metal nanoparticles prepared via solution reduc-
tion and GeNSs. The synergistic effect of the intimately linked
metal nanoparticles and GeNSs in M@GeNSs strongly favors
the production of benzaldehyde via oxygen-atom transfer from
metal nanoparticles to the product. Furthermore, thin lms of
metal-decorated GeNSs prepared via drop-casting provide for
convenient catalyst recovery and recyclability.

Experimental
Materials

Germanium (Ge, 99.999%), calcium (Ca, 99.0%), gold chloride
(AuCl3, 99.99%), silver nitrate (AgNO3, 99.9999%), copper
chloride (CuCl2, 99.999%), palladium chloride (PdCl2, 99.9%)
and platinum chloride (PtCl4, 99.999%) were purchased from
Sigma-Aldrich and hydrochloric acid (HCl, 37% w/w), ethanol
(anhydrous) dichloromethane (HPLC grade) and toluene (HPLC
grade) were purchased from Fisher Scientic. Milli-Q (18.2
MU cm at 25 °C) water was used for all experiments. All organic
solvents were dried using an Innovative Technology, Inc.
Grubbs-type solvent purication system.

Synthesis of CaGe2. A stoichiometric mixture of calcium and
germanium metals was pressed into a pellet and subsequently
melted together from both sides using an arc furnace.20

Synthesis of stacked germanane. Germanane was prepared
via topotactic deintercalation of calcium ions from CaGe2 using
a modied literature procedure.21 Briey, 0.3 g (2.7 mmol) of
freshly prepared granular CaGe2 was loaded into a Schlenk ask
that was charged with concentrated aqueous HCl (30 mL) that
had been cooled to −30 °C. The reaction mixture was main-
tained at −30 °C for at least 7 days and agitated at regular
intervals. Subsequently, the reaction mixture was ltered using
a glass frit under nitrogen to provide grey akes that exhibited
a metallic sheen that were washed three times with ice-cold
Milli-Q water and anhydrous ethanol. The resulting shiny grey
solid was dried in vacuo on the Schlenk line and stored in
a nitrogen-lled glovebox and subdued light until further use.

Preparation of metal-decorated germanium nanosheets
(M@GeNSs). To prepare metal-decorated germanium
© 2023 The Author(s). Published by the Royal Society of Chemistry
nanosheets (M@GeNSs; M = Au, Ag, Cu, Pt, Pd), germanane
powder (73 mg; 1 mmol) was dispersed in 4 mL distilled water.
The mixture was sonicated in a bath sonicator for 2 hours to
yield a red suspension of exfoliated GeNSs. Subsequently, an
appropriate mass (0.05 mmol) of the anhydrous metal salt in
question (AuCl3, AgNO3, CuCl2, PdCl2 and PtCl4) was dissolved
in 1 mL of Milli-Q water. The metal salt solution (i.e., 0.1 mL)
was then added into the GeNS dispersion at room temperature
in subdued light and the original red suspensions turned black.
The mixture was stirred for 10 min and the product was
recovered by centrifugation and washed withMilli-Q water three
times. The product was dried for 12 h in vacuo and subsequently
stored in a nitrogen-lled glovebox and subdued light. Typical
mass yields for this procedure were 55 mg. The resulting
material was characterized using XRD, XPS, and TEM.

Fabrication of thin lms of GeNSs and Ag@GeNSs. Thin
lms of GeNSs were deposited onto glass substrates by rst
suspending GeNSs (73 mg, 1 mmol) in 1,3-dioxane (1 mL) with
sonication for 30 min. Subsequently, a 100 mL aliquot of the
suspension was drop-coated onto a glass substrate that had
been precleaned by ethanol, acetone and Milli-Q water and
dried in a vacuum oven for 2 h. The glass-supported GeNS thin
lms were subsequently immersed in 10 mL of aqueous AgNO3

(0.05 mmol) for 10 min. Upon removing the lm from the
AgNO3 solution, the lms were rinsed with 5 mL Milli-Q water
three times and dried in a stream of owing dry N2 gas. The
lms were transferred to a nitrogen-lled glovebox and main-
tained in subdued light.

Preparation of unsupported metal nanoparticles. Unsup-
ported metal nanoparticles (MNPs) used for comparison with
GeNS-supported catalysts were synthesized via NaBH4 reduc-
tion.34 Typically, 0.05 mol metal salt (i.e., AuCl3, AgNO3, CuCl2,
PdCl2, PtCl4) was dissolved in 25 mL Milli-Q water and vigor-
ously stirred at room temperature in air. Subsequently, aqueous
sodium borohydride (NaBH4, 100 mM, 1 mL) was rapidly
injected into the metal salt solution, immediately leading to
a light-yellow solution. This process was also accompanied by
the evolution of bubbles. Aer 5 min, the colloidal solution
turned to a deep yellow due to the formation of small nano-
particles. Then the MNPs were isolated by centrifugation,
resuspended with sonication in 5 mL ethanol. This suspension/
centrifugation procedure was repeated three times with 5 mL of
Milli-Q water. Finally, the resulting MNPs were stored in Milli-Q
water until further use.
Characterization

Fourier transformed infrared (FTIR) spectroscopy. Analyses
were performed using a Thermo Nicolet 8700 FTIR Spectrom-
eter and Continuum FTIR Microscope. Samples were prepared
by drop coating a toluene dispersion of the solid sample in
question onto an electronics-grade Si-wafer (N-type, 100 surface,
100 mm thickness and 10 ohm cm resistivity) and dried under
owing nitrogen.

Electron microscopy. Transmission electron microscopy
(TEM) bright and dark eld images were acquired using a JEOL
JEM-ARM200CF S/TEM electron microscope at an accelerating
Nanoscale Adv., 2023, 5, 228–236 | 233
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voltage of 200 kV. High resolution (HR) TEM images were pro-
cessed using Gatan Digital Micrograph soware (Version 3.4.1).
TEM samples were prepared by depositing a drop of a dilute
toluene suspension of the sample in question onto a holey or
ultra-thin carbon-coated copper grid (obtained from Electron
Microscopy Inc.). The grid bearing the sample was kept in
a vacuum chamber at a base pressure of 0.2 bar for at least 24 h
prior to data collection. The particle size distribution was
assembled as an average shied histogram as described by
Buriak et al. for at least 300 particles in TEM.35

Secondary electron scanning electron microscopy (SEM)
images were acquired using a Hitachi S4800 FESEM electron
microscope at an accelerating voltage of 10 kV. Samples were
mounted on a stainless-steel stub by using conductive tape.

X-ray photoelectron spectroscopy (XPS). XPS analyses were
performed using a Kratos Axis Ultra instrument operating in
energy spectrum mode at 210 W. The base and operating
chamber pressure were maintained at 10−7 Pa. A mono-
chromatic Al Ka source (l = 8.34 Å) was used to irradiate the
samples, and the spectra were obtained with an electron take-
off angle of 90°. CasaXPS soware (VAMAS) was used to inter-
pret high-resolution spectra. All spectra were internally cali-
brated to the C 1s emission (284.8 eV) of adventitious carbon.
Aer calibration, a Shirley-type background was applied to
remove most of the extrinsic loss structure. The Ge 3d region
was deconvoluted into the Ge 3d5/2 and 3d3/2 spin–orbit couple
for the element Ge and the energy separation of these doublets
was xed at 0.58 eV and the Ge 3d3/2 to 3d5/2 area was xed at
0.67.20 For the high-resolution XP spectra of metals, the spin–
orbit couple energy separation and area were xed and the
spectral envelope was t using a Lorentzian asymmetric line
shape LA(a, b, n) where a and b dene the asymmetry and n
denes the Gaussian width. The various spectral regions were
t as follows: Au 4f was deconvoluted into the Au 4f7/2 and 4f5/2
spin–orbit couple and the energy separation of these doublets
was xed at 3.70 eV and the Au 4f7/2 to 4f5/2 area ratio was xed
at 0.75.36 Ag 3d was deconvoluted into the Ag 3d5/2 and 3d3/2
spin–orbit couple and the energy separation of these doublets
was xed at 6.00 eV and the Ag 3d3/2 to 3d5/2 area ratio was xed
at 0.67.31 Cu 2p was deconvoluted into the Cu 2p3/2 and 2p1/2
spin–orbit couple and the energy separation of these doublets
was xed at 19.75 eV and the Cu 2p3/2 and 2p1/2 area ratio was
xed at 0.50.37 Pd 3d was deconvoluted into the Pd 3d5/2 and 3d3/
2 spin–orbit couple and the energy separation of these doublets
was xed at 5.26 eV and the Ag 3d3/2 to 3d5/2 area ratio was xed
at 0.67.38 Pt 4f was deconvoluted into the Pt 4f7/2 and 4f5/2 spin–
orbit couple and the energy separation of these doublets was
xed at 3.35 eV and the Pt 4f7/2 to 4f5/2 area ratio was xed at
0.75.39

Powder X-ray diffraction (XRD) analysis. XRD was performed
using a Bruker D8 Advance diffractometer (Cu-Ka1 (l= 1.5406 Å)
and Ka2 (l = 1.5444 Å) radiation). Samples were prepared by
mounting the powder in question on a zero background Si
crystal sample holder. XRD patterns were scanned between 2q
ranges of 10–80° with a scan step of 0.06° s−1.

Diffuse reective absorption. Diffuse reective absorption
analysis was performed using a CARY 5000 UV-vis-NIR equipped
234 | Nanoscale Adv., 2023, 5, 228–236
with a diffuse reectance integrating sphere attachment.
Samples were prepared by mounting the powder sample of
interest in the sample holder. The detector and grading lter
were changed at 900 nm.
Photocatalytic oxidation of benzyl alcohol

Photocatalytic oxidation of benzyl alcohol was performed using
a modied literature procedure.16 A typical reaction was per-
formed using a Schlenk ask charged with benzyl alcohol (40
mL; 380mmol), catalyst of choice (total mass: 22mg; 0.02 mmol
of metal), and a new Teon-coated stir bar. The reaction vessel
was evacuated and backlled 5 times with oxygen and nally
maintained under a positive pressure of bubbling oxygen
during the reaction. The reaction mixture was then stirred at
1500 rpm for 0.5 h aer which it was exposed to the emission of
a 140 W Hg lamp (Hanovia, wavelength > 366 nm, photon ux
8 × 1017 s−1). The reaction vessel was thermostated by
immersing it in a water bath maintained at 25 °C. The reaction
was carried out for 4 h and aliquots (4 mL) were extracted from
the reaction mixture every 30 min and diluted to a total volume
of 400 mL using dichloromethane and the diluted solution was
evaluated using gas chromatography-mass spectrometry
(Bruker SCION TQ with 456-GC). The molar concentration of
each component was determined using calibration curves
prepared using standards of known concentrations. The
conversion percentage (C) of benzyl alcohol (BA) and the
selectivity (S) and the yield (Y) for benzaldehyde (BAL) are
dened as:

Cð%Þ ¼ nðBA0Þ � nðBAÞ
nðBA0Þ � 100% (1)

Sð%Þ ¼ nðBALÞ
nðBA0Þ � nðBAÞ � 100% (2)

Yð%Þ ¼ nðBALÞ
nðBA0Þ � 100% (3)

where n(BA0) is the initial mole of BA and n(BA) and n(BAL) are
the moles of the detected BA and BAL, respectively.

Generally, the apparent quantum efficiency (AQE) of the
reaction is the ratio between the photons taking part in the
reaction and the total number of incident photons:

AQEð%Þ ¼ NðBALÞ
I

� 100% (4)

where N(BAL) represents the number of molecules of BAL
produced, and I is the number of incident photons.9
Catalyst recycling

The recyclability/reusability of the powder catalysts and thin
lms was evaluated by performing reactions under identical
conditions as described above. A total of 5 cycles were per-
formed for each sample. Aer each cycle, the powder catalyst
was recovered by centrifugation, washed with 5 mLMill-Q water
three times and dried under vacuum and nally massed; thin
lms were rinsed with 5 mL Mill-Q water three times and dried
© 2023 The Author(s). Published by the Royal Society of Chemistry
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with owing N2 gas and massed. The recovery percentage was
determined based upon the difference between the weight
before and aer each cycle.
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B. Rieger and J. G. C. Veinot, Chem. Mater., 2018, 30, 2274–
2280.

22 U. Holzwarth and N. Gibson, Nat. Nanotechnol., 2011, 6, 534.
23 E. Bianco, S. Butler, S. Jiang, O. D. Restrepo, W. Windl and

J. E. Goldberger, ACS Nano, 2013, 7, 4414–4421.
24 L. Khomenkova, D. Lehninger, O. Kondratenko,

S. Ponomaryov, O. Gudymenko, Z. Tsybrii, V. Yukhymchuk,
V. Kladko, J. von Borany and J. Heitmann, Nanoscale Res.
Lett., 2017, 12, 196.

25 N. D. Cultrara, Y. Wang, M. Q. Arguilla, M. R. Scudder,
S. Jiang, W. Windl, S. Bobev and J. E. Goldberger, Chem.
Mater., 2018, 30, 1335–1343.

26 C. F. Holder and R. E. Schaak, ACS Nano, 2019, 13, 7359–
7365.

27 A. Brückner, Appl. Catal., A, 2000, 200, 287–297.
28 G. Zhan, Y. Hong, V. T. Mbah, J. Huang, A.-R. Ibrahim, M. Du

and Q. Li, Appl. Catal., A, 2012, 439–440, 179–186.
29 C. P. Ferraz, M. A. S. Garcia, É. Teixeira-Neto and L. M. Rossi,
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