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ARTICLE INFO ABSTRACT

Editor: Javier Marugan Germanane, a two-dimensional Ge lattice in which each atom is hydrogen-terminated in the z-direction, pos-

sesses a remarkable combination of electronic and optical properties that are attractive for applications ranging

Keywords: from chemical sensing to electrocatalysis and photocatalysis. In this work, we studied germanane (GeH) and the
Germa“ar_‘e novel butyl-functionalized germanane (GeBuyH(; _x)) as photocatalysts for water purification under visible light
ﬁgoﬁizralfl;s irradiation and utilizing challenging conditions in terms of photocatalyst loading (1 mg per g of aqueous solution
RhB 4 containing 200 ppm of pollutant). The synthesized GeH and GeBuyH(1_x) have significantly higher specific
Phenol surface area (121 m? g~ and 76 m? g2, respectively) than other germanane derivatives reported to date and

display optical band gaps suitable for visible light absorption (1.40 eV and 1.55 eV, respectively). In terms of
photocatalytic performance, GeH displayed the best activity in the degradation of rhodamine B (61% removal
after 3 h under visible radiation), while GeBuyH(;_x) proved to be the best photocatalyst for the degradation of
phenol (33% removal after 3 h under visible radiation). In both cases, the activity under visible radiation sur-
passed that of P25 TiO, and could be enhanced significantly by sonication in water before interaction with the
pollutants. Recycling tests showed that GeH could be reused with no or negligible loss of photocatalytic activity,
whereas GeBuxH(; _x) showed a minor decrease in activity upon reuse.

1. Introduction

Developing functional materials to remediate water pollution caused
by human activities is an urgent global environmental challenge [1].
The design of efficient photocatalysts that use visible light as the energy
source for the degradation of pollutants in water has the potential to
address this issue. An ideal photocatalyst for this purpose should display
a combination of properties: (1) a narrow band gap to harvest a wide
range of the solar spectrum (but large enough to drive the photo-
degradation of pollutants); (2) high electron mobility to allow the
photogenerated carriers (electrons and holes) to migrate from the bulk
to the surface of the material; (3) a large specific surface area to promote
the adsorption of pollutants and thus facilitate their photocatalytic
degradation [2]; and (4) high stability under operating conditions. In the
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past decades, a variety of photocatalysts such as TiO [3,4], ZnO [5,6],
CdS [7,8] and graphitic carbon nitride (g-C3N4) [9,10] have received
great attention. However, each of these materials is still facing specific
challenges that limit their photocatalytic application. In particular, TiO5
and ZnO, despite their high activity and stability under UV radiation,
absorb visible light only weakly and thus show poor activity under solar
radiation; CdS shows better visible absorption but suffers from photo-
corrosion; g-C3Ny has a suitable band gap and good stability but limited
electron mobility and generally low surface area [11]. Thus, the quest to
find photocatalytic materials that combine broad light response, excel-
lent charge carrier mobility, high surface area and high stability
continues.

Among the materials that have recently been considered as prom-
ising photocatalysts, 2D germanane (GeH) has been the focus of a
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growing number of theoretical and experimental investigations that
demonstrated its narrow band gap and excellent charge carrier mobility
[12,13]. These two features make GeH a suitable photocatalyst for
visible light harvesting. Goldberger and co-workers showed that GeH
has a direct band gap of around 1.59 eV, is stable in air for over 5
months, and first-principle calculations predicted an electronic mobility
of 18195 cm? V1 571, which is five times higher than that of crystalline
germanium [14]. However, they also found that pristine GeH exhibited
poor thermal stability, with dehydrogenation and amorphization grad-
ually occurring at T > 75 °C. The same group then replaced the hy-
drogens in GeH with methyl groups (GeCHsz) [15]. This
functionalization of the surface with methyl groups led to an increase in
the optical band gap to 1.7 eV and to a higher thermal stability (up to
250 °C). Sofer and co-workers also functionalized pristine GeH with
n-alkyl halides and reported that this led to an improvement in the
thermal stability of the material [16]. These results suggest that
alkyl-functionalization is a powerful tool to tune the properties of pris-
tine GeH.

Huang and co-workers were the first to report GeH and GeCHgs as
photocatalysts with visible light response, achieving reasonable activity
in water splitting, decomposition of organic contaminants in water and
hydrolysis of ammonia borane [17-19]. The results showed that the
improved thermal stability and surface area of GeCH3 compared to GeH
result in a significant enhancement in photocatalytic activity. None-
theless, the reported surface area of the synthesized GeH and GeCHj
photocatalysts were only 7 m? g~! and 21 m? g~!, respectively, which
intrinsically limits the adsorption of reactants. Furthermore, the use of
1.0 wt% Pt as co-catalyst and 30% v/v of methanol as a sacrificial agent
in the water splitting reaction combined with the utilization of a low
concentration of the probe pollutant rhodamine B (20 ppm, with 1
Mgphotocatalyst/aq.solution) are not ideal. Pumera and co-workers sys-
tematically studied GeH and various alkyl-functionalized GeH as elec-
trocatalysts for the hydrogen evolution reaction and as
photoelectrocatalysts for water splitting [20]. They found that GeH
functionalized with -CHyCH;CH;OH groups achieved the lowest
hydrogen evolution reaction overpotential, while pristine GeH reached
the highest photocurrent density for water oxidation under visible
radiation.

Despite the above-mentioned promising photocatalytic results, the
application of germananes is hampered by the slow conventional syn-
thesis of GeH through topochemical deintercalation via the exchange of
Ca with H in CaGey [14], which requires several days. In a recent study,
some of the authors of this work reported a new, facile and efficient
approach for the synthesis of high-purity GeH flakes with high thermal
stability (Scheme 1), in which the reaction time was brought down to a
few minutes [13]. Herein, we investigated for the first time this GeH as
photocatalyst for the degradation of pollutants in water with visible and
UV radiation and under challenging conditions, i.e. with a 10 times
higher ratio between pollutant and photocatalyst (200 ppm of rhoda-
mine B or phenol as pollutant, with 1 mgphotocatalyst/8aq.solution at 35 °C)
compared to previous literature reports (Table S1) [17,18]. Addition-
ally, we introduced a facile and efficient synthetic strategy (Scheme 1)
for directly preparing a butyl-functionalized germanane (GeBuyxH( _y))
at room temperature using an organolithium reagent, and tested this
novel material as photocatalyst under the same conditions used for GeH.
Our results show that both materials are highly promising photo-
catalysts under visible radiation, with GeH showing the highest removal
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of RhB (61%) and GeBuyH(;_y) displaying the best performance in the
degradation of phenol (33%). The photocatalytic study was com-
plemented with a thorough physicochemical characterization using a
combination of techniques, which allowed rationalization of the
observed photocatalytic behavior.

2. Experimental section
2.1. Materials

Calcium (granular Ca, 99% purity), germanium (Ge powder,
99.999% purity), titanium dioxide (P25 TiOj), ethylenediaminetetra-
acetic acid disodium salt dihydrate (EDTA-Na;, ACS reagent,
99.0-101.0%), n-butyllithium solution in hexane 2.5 M, ethanol, phenol
and cyanamide were purchased from Sigma-Aldrich, rhodamine B (RhB)
was purchased from Acros Organics. Hydrofluoric acid (HF, 38-40% w/
w aqueous solution) and hydrochloric acid (HCl, 37% w/w aqueous
solution) were acquired from Merck. Milli-Q water with a resistivity of
18.2 MQecm was used in this work.

2.2. Synthesis of germanane (GeH)

Germanane was synthesized based on a protocol recently published
elsewhere [13]. Briefly, p-CaGey crystals were de-intercalated in an
aqueous HF solution (38-40% w/w) at room temperature for 2-3 min.
Note: HF is a hazardous chemical and should be utilized with caution,
following the pertinent safety guidelines. The product was then washed
several times with Milli-Q water, centrifuged and air-dried. To remove
the residual CaF,, the material was treated with a saturated aqueous
solution of EDTA-Nay for 30 min (while stirring), centrifuged and
washed four times with Milli-Q water and one time with methanol, to
speed up the drying process under ambient conditions. Then, the
resulting solid was washed with a cold HCI solution while stirring for
10 min at —20 °C. Finally, the sample was washed several times until a
neutral pH was reached, and dried under vacuum.

2.3. Synthesis of butylated germanane (GeBuy,H(1_x))

200 mg of the GeH crystals were dispersed in 50 ml of hexane with
the help of sonication in an ultrasonic bath for 40 min. The dispersion
was stirred and purged with argon flow for 30 min before adding 8 ml of
n-butyllithium solution in hexane and left under stirring for three days at
room temperature (RT). Finally, the suspension was centrifuged, and the
resulting solid was washed three times with hexane to remove unreacted
n-butyllithium and one time with methanol to remove lithium hydride
(LiH), which is the by-product of the reaction. The synthesized
GeBuyH(;_x) was dried under vacuum and stored in a desiccator for
further use.

2.3.1. Graphitic carbon nitride (g-C3N4)

To compare the adsorption behavior and the photocatalytic activity
of GeH and GeBuyH(; _x) with another two-dimensional material, g-C3N4
was prepared as a reference photocatalyst. 5.0 g of cyanamide was
placed in a homemade quartz crucible and heated in a tube oven
(Nabertherm B170 Tube Furnace, RT 50/250/11-B170, Germany) under
Ny flow (44 ml min~1) at 550 °C for 4 h (ramp: 5 °C min ). Then, the
crucible was allowed to cool down to room temperature and the

Scheme 1. Routes employed in this work for the synthesis of GeH and GeBuxHg ).
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resulting yellow product was collected, ground into a powder and stored
in a 20 ml sealed glass vial for further use.

2.4. Characterization

The physicochemical properties of the prepared materials were
analyzed by means of a variety of characterization techniques: Fourier
transform infrared (FTIR) spectroscopy, X-ray photoelectron spectros-
copy (XPS), powder X-ray diffraction (XRD), scanning electron micro-
scopy — energy dispersive X-ray spectroscopy (SEM-EDX), atomic force
microscopy (AFM), transmission electron microscopy (TEM), photo-
luminescence spectroscopy (PL), ultraviolet-visible-near-infrared diffuse
reflectance absorbance (UV-vis-NIR DRA) spectrophotometry, cyclic
voltammetry (CV), nitrogen physisorption and dynamic light scattering
(DLS).

The FTIR spectra were acquired in the range of 400-4000 cm ™ * with
a Shimadzu FTIR 8400 spectrometer equipped with a deuterated tri-
glycine sulfate (DTGS) detector. Each spectrum was the average of 32
scans, collected with 2 cm ™! resolution. The measurements were carried
out using KBr pellets containing ca. 2 wt% of the sample.

XPS measurements were performed on an SSX-100 (Surface Science
Instruments) photoelectron spectrometer, equipped with a mono-
chromatic Al K, X-ray source (hv =1486.6 eV) and operating at a
pressure of 1 x 10~ mbar. The GeH samples were pressed into silver foil
[previously prepared by flattening Ag pearls (Goodfellow, silver lump
AG006100, purity 99.999%, size: 3 mm)] and mounted on the sample
holder. For the GeBuyH(1_x), a dilute dispersion of the solid sample
(0.2 mg ml™Y) in chloroform (CCly, analysis grade) was prepared via
sonication and a small drop of the suspension was left to dry in air on a
150 nm thick gold film supported on mica. The photoelectron take-off
angle was 37° with respect to the surface normal. The analyzed spot
size on the sample was 1000 ym in diameter. The experimental resolu-
tion was set to 1.67 €V for the overview spectra and to 1.26 eV for the
detailed scans of the various core level regions. Binding energies (BEs)
are reported with + 0.1 eV accuracy and referenced to the C 1s core
level at 284.5 eV. All XPS spectra were analyzed using the least-squares
curve-fitting program Winspec (developed at LISE, University of Namur,
Namur, Belgium). Fitting of the spectra included a Shirley background
subtraction and fitting with a minimum number of peaks consistent with
the chemical structure of the sample, taking into account the experi-
mental resolution. The profile of the peaks was taken as a convolution of
Gaussian and Lorentzian functions. The uncertainty in the peak intensity
determination is 2% for all core levels reported.

XRD data were collected using a Bruker D8 Advance diffractometer
operating in Bragg-Brentano geometry with Cu K, radiation (wave-
length: 1.5418 A). The 20 scans were performed from 2° to 70° with a
step size of 0.02° and a counting time of 1.00 s per step.

Scanning electron microscopy images were obtained using a JEOL
JSM-6510 LV SEM Microscope (JEOL Ltd., Tokyo, Japan) equipped with
an X-Act EDX detector by Oxford Instruments (acceleration voltage
20 kV) for elemental analysis and mapping. Prior to analysis, the sam-
ples were covered with an Au-Pd thin film (4-8 nm) using a mini sputter
coater SC7620 from Quorum Technologies LTD (Kent, UK).

AFM analysis was performed with an Asylum Cypher-S AFM in AC
mode using HQ-300 Au-coated cantilevers with a tip radius of 10 nm,
spring constant of 40 N m ™! and operating frequency of 300 kHz. GeH
and GeBuyH(;_y) flakes were deposited onto silicon wafers (boron-
doped, single-side polished, purchased from Si-Mat) from ethanol dis-
persions by drop casting. For this purpose, dilute dispersions of GeH and
GeBuyH(; _x) in ethanol (0.1 mg ml 1) were sonicated for 20 min prior to
deposition onto silicon oxide wafers.

Transmission electron microscopy images were recorded on a JEOL
JEM HR-2100 instrument, operated at 200 keV. The samples were drop-
casted from ethanol dispersions onto 600 mesh holey carbon TEM grids
and dried under ambient conditions.

Photoluminescence spectroscopy measurements (PL) were
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performed using the second harmonic (400 nm, Coherent Harmonic
Generator) of an optically-pumped Ti:sapphire crystal (Coherent, Mira
900). The excitation beam was spatially limited to 2 mm with an iris and
was focused on the sample with a 20° angle in reflection geometry. The
sample was prepared by placing the material onto UV-grade quartz glass
(PGO). An achromatic doublet was used to collect the photo-
luminescence, where scattered laser light was removed with 425 nm and
435 nm long pass filters. Steady-state (EM-CCD camera, Hamamatsu)
and time-resolved spectra (Synchroscan streak camera, Hamamatsu)
were obtained with a 50 I/mm grating.

Diffuse reflectance UV-vis measurements were conducted using a
Shimadzu UV-vis-NIR spectrophotometer (UV-3600) equipped with an
integrating sphere attachment on barium sulfate coatings. The band gap
values of the materials were estimated by Tauc-Plot analysis of the
Kubelka-Munk function, F(R). For this purpose, the tangent line to the
point of inflection of (F(Rm)hv)l/ " (where n = 0.5 for a semiconductor
with direct band gap as germanane) was drawn and the optical band gap
(Eg) was determined as the point of intersection of the tangent line with
the horizontal axis.

CV measurements were performed with a PGSTAT12 electro-
chemical analyzer (Metrohm Autolab) in a single-compartment three-
electrode cell. Plain or modified glassy carbon electrodes (GCEs, 3 mm
diameter) were used as working electrodes and a coiled Pt wire served as
the auxiliary electrode. All potentials are referenced to the potential of
the Ag/AgCl 3 M KCl reference electrode (IJ Cambria). Prior to use, the
GCEs were polished with AlyO3 (0.01 mm grain size) over a fine pol-
ishing cloth (Struers 4000 grit), sonicated with ethanol, rinsed thor-
oughly with water and dried under nitrogen. The electrode surface was
modified with the application of 10 pl of 0.2 mg ml ™! of GeH in ethanol
or GeBuyH(j _x) in chloroform, and in both cases the solvent was allowed
to evaporate at 60 °C overnight. The cyclic voltammograms were
recorded in 0.1 M tetrabutylammonium tetrafluoroborate (TBATFB) in
acetonitrile at a scan rate of 0.05 V s~1. The electrolyte was thoroughly
deoxygenated and maintained in a nitrogen atmosphere during the CV
measurements. The CV data were used to estimate the valence band
maximum (VB) and conduction band minimum (CB) of GeH and
GeBuyH(; _x). The correlation of the band positions with the oxidation
and reduction onset potentials, respectively, is valid when the onset
potential values are considered (and not the peak potential values) since
they also present size-dependent characteristics, which facilitate
discrimination between bulk electronic properties and those of their 2D
counterparts. The oxidation and reduction peaks related to electron and
hole injection into the conduction and valence bands were utilized to
determine the VB and CB potentials (vs. NHE) and to calculate the band
gap energy (Eg):[21].

VB = Eox, vs. Agagct + 0.197 V [V] (€]
CB = ERed, vs. Ag/AgCl +0.197 V [V] (2)
Eg = -¢(CB - VB) = -e(ERed, vs. Ag/agcl - Eox, vs. Agragen) [eV] 3

Nitrogen physisorption isotherms were measured on a Micromeritics
ASAP 2420 instrument at . —196 °C. Prior to the Ny physisorption, the
samples were outgassed at a pressure below 133 pbar at 150 °C for 6 h.
The Brunauer-Emmett-Teller (BET) method was used to calculate the
specific surface area.

Dynamic light scattering (DLS) was performed on a Brookhaven Zeta
PALS instrument to determine the particle size before and after soni-
cation treatment. Aqueous dispersions (1 mgml™') of TiO;, GeH,
GeBuyH(; _x) and g-C3N4 were prepared and analyzed. For each sample,
three scans were performed, and the average value was calculated and
reported.

2.5. Photocatalytic tests

The photocatalytic performance of GeH and GeBuyH_x) was
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evaluated based on the degradation of rhodamine B (RhB) and phenol in
aqueous solution, under either UV or visible radiation. These two
compounds were selected as probe pollutants to evaluate the activity of
the photocatalysts as they are characterized by significantly different
physicochemical properties such as molecular size, polarity, non-ionic
vs. ionic nature and, therefore, can represent a broad range of pollut-
ants. The low hydrophilicity of both GeH and GeBuyH(; _yx) hindered
their dispersion in the pollutant solution (Table 1), hence we introduced
a 30 min sonication step as a pretreatment for all photoreactions. For a
typical photocatalytic test, 2.5 g of Milli-Q water was added to a Pyrex
vial equipped with a stirring bar, to which 5 mg of the photocatalyst was
added and sonication was performed for 30 min to maximize the
dispersion of the solid photocatalyst in water. After this, 2.5 g of an
aqueous solution prepared by dissolving 400 mg kg™ (400 ppm) of
either phenol or RhB in Milli-Q water was added to the pretreated
photocatalyst suspension to achieve a pollutant concentration of
200 ppm. To evaluate the effect of the sonication pretreatment on the
photoactivity of samples, tests without pretreatment were also per-
formed: 200 ppm solutions were prepared by dissolving RhB or phenol
in Milli-Q water, 5 ml of the solution was added to a Pyrex test tube
equipped with a stirring bar, then 5 mg of the photocatalyst was added.
In all photocatalytic tests, the mixture was stirred in the dark for 1 h to
achieve adsorption-desorption equilibrium. Then, it was irradiated for
3 h with UV (Hitachi, FL8BL-B) or visible lamps (Sylvania, cool white
f8t5/cw), while stirring at 1200 rpm. The photocatalytic tests were
conducted in a self-developed photoreactor placed in an oven (Fig. S1),
which allows 16 tests to be performed simultaneously, each sample
being individually stirred. The apparatus is equipped with a rotating
carousel to ensure homogeneous irradiation of the samples. The tem-
perature was maintained at 35 °C by a constant flow of cool air through
the reactor (both for the part of the test in the dark and when irradi-
ating). In addition, 4 h dark tests were also carried out to investigate the
effect on adsorption of a longer stirring time in the dark. At the end of
each test, the RhB solutions were separated from the photocatalyst by
centrifugation (12000 rpm, 5 min), whereas the phenol solutions were
separated by filtration with 0.20 um PTFE filter paper, and the
remaining pollutants in the solutions were quantified. The concentration
of RhB was determined by UV-vis spectroscopy from the maximum
absorption at 554 nm (Helios aquamate spectrophotometer). Prior to the
UV-vis analysis, an aliquot of the solution was diluted 20 times to reach
a concentration where the Lambert-Beer law is valid. Phenol was
quantified via high-performance liquid chromatography (HPLC) with
benzyl alcohol as internal standard, which was added to an aliquot of the
supernatant after separating the photocatalyst. Both the internal stan-
dard (ca. 500 mg of a 1000 ppm aqueous solution of benzyl alcohol) and
an aliquot of the supernatant (ca. 500 mg) were weighed to allow
quantification of the phenol in solution. The HPLC was equipped with a
C18 column, the volume of injected sample was 5.0 pl and the mobile
phase consisted of 60 vol% acetonitrile and 40 vol% water (flow rate
0.8 ml min~!). The optical absorption of phenol was detected at
263 nm.

Table 1
Selected physicochemical properties of the four photocatalysts investigated in
this work.

Photocatalyst ~ Specific Band Particle size Particle size
surface area gap before after sonication
(m? g~1)* (eV)® sonication (nm)°  (nm)°

P25 56 3.20 848 742

GeH 121 1.40 1783 485

GeBuHq 76 1.55 1889 506

g-CsN, 7 2.67 1282 939

@ Surface area determined from N, physisorption data using the Brunauer-
Emmett-Teller (BET) method.

b Band gap determined by analysis of the UV-Vis diffuse reflectance spectrum.

¢ Particle size determined by dynamic light scattering (DLS).
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All the tests were performed in duplicate. The average result was
reported with the standard deviation as the error bar (ranging from 1.0%
to 1.7%).

The removal of pollutants from the solution was quantified by
calculating the concentration change during the reaction, using the
following formula:

Co—Ci

R=————100

where Cj is the initial concentration of the pollutant and C; is the con-
centration at the end of the photocatalytic test.

Recycling tests were performed with the photocatalyst that was
separated from the pollutant solution at the end of the test. The solid was
washed 3 times with water, then 3 times with ethanol and collected by
centrifugation (12000 rpm, 5 min), then dried overnight in an oven at
60 °C. Subsequently, the photocatalyst was reused with a fresh probe
solution, following the same protocol as described above (constant
catalyst/solution ratio of 1 mgg~'). These recycling tests were con-
ducted with a higher initial amount of photocatalyst (12 mg) but with
the same loading (1 mgphotocatalyst/8ag.solution) and the same concentra-
tion of pollutant (200 ppm) used in the other tests. This larger initial
amount was utilized to make sure that enough photocatalyst was still
present in the last run, because in the recycling process part of the
photocatalytic material might be lost during the washing procedure.

The photocatalytic tests in the presence of scavengers that are able to
trap reactive species (03°, OH® and h') were carried out under the
conditions described above for the photocatalytic tests for the photo-
degradation of RhB under visible light (with sonication pretreatment),
with the only difference of the addition of the chosen scavenger to the
solution (1 mmol 1}, which corresponds to 108 ppm of p-benzoquinone,
60 ppm of isopropanol or 292 ppm of ethylenediaminetetraacetic acid).
These tests were performed: (a) in the dark for 1 h to measure the effect
of the scavenger on the adsorption of RhB on the photocatalyst surface,
(b) in the dark for 1 h followed by 3 h under visible light irradiation to
test the trapping role of each scavenger. Based on these data, the
retained photocatalytic activity was calculated as follows: [(Remov-
athB, 1 h dark+3 h vis — RemovathB, 1h darldwith scavenger/(RemovathB, 1h
dark+3 h vis — RemovathB, 1h dark)without scavenger] x 100%.

3. Results and discussion
3.1. Synthesis and characterization of GeH and GeBu,H1_x)

The chemical composition and surface functionalities of the prepared
GeH and GeBuyH(;_x) materials were first investigated by FTIR spec-
troscopy and XPS. The presence of Ge-H bonds in GeH was confirmed by
the observed stretching (2000 cm_l), bending (830 and 760 em™ 1) and
wagging modes (483 and 570 cm ™), see the bottom spectrum in Fig. 1.a
[14]. In contrast, the spectrum of GeBuyH(;_yxy (Fig. 1.a, top) presents
peaks at 780, 855 and 1010 cm™!, attributed to the skeletal C-C
stretching vibrations of the butyl groups. The peaks at 1434 and
1480 cm™! are attributed to the bending (scissoring) vibrations of the
—CHy- groups [18,22]. The low-intensity bands at 2800 — 3000 cm ™! are
assigned to the symmetric and asymmetric stretching vibrations of the
—CHy- and -CHj3 groups. Of significant importance is the peak at
630 cm_l, which is assigned to the Ge—C stretching vibration mode [15,
23-25]. All these peaks are a strong indication of the successful butyl-
ation of GeH. Furthermore, the fingerprint stretching mode vibration of
GeH at 2000 cm ™! appears with a significantly reduced intensity in the
spectrum of GeBuyH(; _y), pointing to a high degree of butylation.

XPS was employed to confirm the butyl-functionalization in
GeBuyH(; _x) and to shed more light on the chemical composition of the
synthesized materials. The survey spectra (Fig. 1.b) indicate that GeH is
mainly composed of Ge (70 at%) and has only a relatively low O content
(19 at%, see also Fig. S2 in the Supporting Information) [20,35], which
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Fig. 1. Spectroscopic characterization of germanane and butylated germanane. FTIR spectra of GeH and GeBuyH(; _x) (a); XPS survey spectra of GeH and GeBuyH _x)
(b); detailed XPS spectra and deconvolution of the C 1s (c) and Ge 3d (d) core level regions of GeH; detailed XPS spectra and deconvolution of the C 1s (e) and Ge 3d

(f) core level regions of GeBuyH(;_y).

is inevitable due to surface oxidation upon exposure to air, as well as
some adventitious C. On the other hand, GeBuyH(; _x) presents only 50 at
% Ge and a significant C content (30 at%), consistent with butylation.
These atomic percentages show that there is about 1 butyl group for
every 8 Ge atoms. The nature of the Ge, O and C chemical species was
further elucidated by the detailed photoemission spectra of the C 1s and
Ge 3d core level regions reported in Fig. 1.c-f. The deconvoluted peaks in
the C 1s core level region of GeH and GeBuyH(;_x) are assigned to C-C
(284.5 + 0.1 eV), C-O (286.1 £0.2eV) and C=0 (287.8 + 0.4 ¢eV)
bonds (Fig. 1.c,e). For GeH, the carbon components are typically origi-
nating from adventitious carbon, in line with the observed relatively low
C content (11 at%). On the other hand, for the butylated sample the C 1s

core level signal shows an additional new component at a BE of
282.1 eV, assigned to Ge-C bonds, and an increased intensity at
284.6 eV, attributed to the C-C of the butyl groups attached to the
germanium backbone. The Ge 3d core level signal for GeH and
GeBuyH(;_x) can be deconvoluted into peaks associated with Ge-Ge
(29.4 +£ 0.1 eV), Ge-O (30.7 £ 0.1 eV) and O-Ge-O (32.4 + 0.2 eV)
bonds (Fig. 1.d,f). However, the contribution at a BE of 27.2 eV, corre-
sponding to Ge-C, is only observed in the case of GeBuyH; _yx) (Fig. 1.1).
Overall, the XPS results are consistent with the FTIR data discussed
above in demonstrating the successful formation of functionalized
GeBuyH(; _xy upon butylation of GeH.

The crystalline structure of GeH and GeBuyH(; _x) was investigated
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Fig. 2. Powder XRD patterns of GeH and GeBuxH(; _x) (a); SEM images of GeH (b) and GeBuyH; _x) (c); AFM images of GeH (d) and GeBuxH(; _x) (e); height profile
analysis for GeH (f) and GeBuxHg _x) (8).
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by X-ray diffraction. The results presented in Fig. 2.a show that, apart
from the pronounced decrease and broadening of the 002 diffraction
peak intensity at 20 = 17.6° (d = 5.0 A & 0.05), no significant differ-
ences are observed in the 260 values of the diffraction peaks between the
two materials. Hence, butylation does not alter the intrinsic crystallinity
of the germanane structure. The diminishing intensity and the broad-
ening of the 002 diffraction peak can be attributed to partial exfoliation
and amorphization due to the steric effect induced by the butyl groups
grafted onto the basal planes of GeH.

The SEM micrographs of GeH and GeBuyH(_x) (Fig. 2.b and c,
respectively), show stacked graphite-like flakes with lateral size of
several microns (3-7 um), in agreement with what was observed in
previous studies of functionalized germanane [22,26]. Energy dispersive
X-ray (EDX) spectroscopy provides insights into the elemental compo-
sition and distribution in both materials (Fig. S3, S4). In line with the
XPS results, GeH was found to consist mainly of Ge and a relatively small
percentage of O (18 at%). GeBuyH(; _x) additionally contained a signif-
icant amount of C (30 at%), in line with the XPS findings. Character-
ization by AFM was performed to investigate the morphology of the GeH
and GeBuyH(; _y) flakes obtained by sonication-assisted liquid exfolia-
tion. Both materials present a few-layer structure (Fig. 2.d, e). Height
profile analysis (Fig. 2.f, g) gave a monolayer thickness of 0.9 & 0.1 nm
for GeH and 1.4+ 0.1 nm for GeBuyH(;_x), as expected from the
incorporation of the larger butyl groups. The layered nature of GeH and
GeBuyH(; _x) samples was further confirmed by TEM images (Fig. 3).

The UV-vis diffuse reflectance spectra of GeH and GeBuyH(; _x) show
that both samples absorb strongly in the entire visible light region
(Fig. 4.a). The photoluminescence (PL) spectra of the two compounds
show a small Stokes shift and broad emission with a full width at half
maximum of hundreds of meV (Fig. 4.c). GeBuyH(;_x) shows a longer
average PL decay time of 141 ps vs. the 41 ps of GeH (Fig. 4.d). Upon
butylation, a blue shift of the absorption and photoluminescence peak
was observed, corresponding to a larger band gap for GeBuyH(_yx)
compared to GeH (Fig. 4.a and c). Indeed, the Tauc-Plot analysis (Fig. 4.
b) indicated that the optical band gap of GeBugHg_y (Eg?* = 1.55
+ 0.05 eV) is larger than that of GeH (E‘épt =1.40 £ 0.05eV) [13].

Cyclic voltammetry was employed for estimating the potential of the
valence band maximum and the conduction band minimum of GeH and
GeBuyH(;_x) based on the values of the oxidation and reduction onset
potentials (Fig. 4.e,f). The reduction and oxidation onsets were observed
at — 0.60 + 0.05 V and 1.05 + 0.05 V for GeH and — 0.70 + 0.05 V and
1.05 £ 0.05 V for GeBuyH(_x) (all potentials expressed vs. Ag/AgCl).
These values allow calculation of the band gap for GeH (Eg1 = 1.65
+ 0.05 eV) and GeBuyH_x) (Egl = 1.75 £ 0.05 eV). Compared to the
optical excitation process, the electrochemical oxidation and reduction
of GeH and GeBuyH(; _x), no matter if they are carried out in solutions or
in thin films, are influenced by their dielectric environments and
Coulomb interactions associated with charge injection processes. Thus,
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the Eng is expected to be larger than the Eg8y [27,28], in line with our
observations here.

Since adsorption of the pollutant on the catalyst surface plays a key
role in promoting the photodegradation, a high and accessible specific
surface area is a desirable feature for a photocatalyst. Therefore, the
specific surface area of GeH, GeBuyH(_x) and of the two reference
photocatalysts, P25 TiO; and g-C3Ny4, was evaluated via N, adsorption
and desorption (Table 1 and Fig. S5). GeH showed the highest specific
surface area ever reported for a germanane (121 m> g’l). GeBuyH(1_y),
with 76 m? g7, has a lower specific surface area compared to the
pristine GeH, but it is still higher than either P25 TiOy or g-C3N4
(Table 1).

3.2. Photocatalytic performance of GeH and GeBu,H(;_x)

The prepared GeH and GeBuyH(; _x) present a suitable combination
of physicochemical properties for application as photocatalysts for the
degradation of pollutants. Particularly attractive in this sense are the
relatively high specific surface area and the low band gap allowing the
absorption of visible light. The position of the bands determined by CV
[VB = —-0.39 Vand CB = 1.26 V for GeH and VB = —0.49 V and CB =
1.26 V for GeBuyH(;_x), when expressed vs. the Normal Hydrogen
Electrode (NHE)] implies that these photocatalysts are expected to
operate through the mechanism illustrated in Scheme 2: the photo-
generated e and h™ are in energy states such that the electron has a
suitable potential to reduce O to the superoxide radical Oz, whereas the
hole does not have a sufficiently large potential to lead to the oxidation
of Hy0 to the hydroxyl radical OH® and is thus expected to interact
directly with the adsorbed pollutant (e.g. RhB or phenol) [29,30]. Highly
reactive superoxide species have been reported to play a major role in
the oxidation and consequent degradation of organic pollutants.[29,31,
331.

Given these premises, the photocatalytic performance of GeH and
GeBuyH(; _y) in the degradation of RhB and phenol in aqueous solution
was evaluated under UV and visible radiation. As a preliminary test, the
dark adsorption capacity of GeH and GeBuyH(;_x) was measured for 1 h
and 4 h. Since almost no difference was found between the two tests
(Fig. S6), we concluded that the adsorption equilibrium was (nearly)
reached after 1 h. Therefore, the photocatalytic tests were carried out by
allowing the probe pollutants to adsorb on GeH or GeBuyH(;_y) in the
dark for 1 h, followed by irradiation for 3 h (Fig. 5). Since germanane is
a 2D layered material in which the layers are held together mainly by
van der Waals bonding [13], we also investigated the effect of sonication
of the material prior to the adsorption and photocatalytic tests, with the
purpose of promoting exfoliation, thus increasing the accessible surface
area and favoring dispersion in solution (Fig. S8). The performance of
the germanane photocatalysts was compared to that of graphitic carbon
nitride (g-C3N4), which is another layered photocatalyst of growing

Fig. 3. TEM images of GeH (a) and GeBuyH(; _x) (b) flakes.
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Fig. 4. UV-vis diffuse reflectance spectra of GeH and GeBuyH(; _x), plotted as Kubelka-Munk function vs. wavelength (a); Tauc-plot analysis of the Kubelka-Munk
function for GeH and GeBuyH(;_x (b); PL spectra of GeH and GeBuyH(;_x) (¢) and PL decay of both materials (d); Cyclic voltammetry measurements of GeH (e)

and GeBusH_x) (f) in 0.1 M TBATFB, at a scan rate of 0.05 V s7L

interest, and to the most widely employed benchmark photocatalyst, i.e.
the commercially available P25 TiO; (Fig. 5 and Figs. S7-S9).

All of the tested materials display photocatalytic activity in the
degradation of both probe pollutants, with the performance being
significantly influenced by experimental parameters such as (i) the
sonication pretreatment, (ii) the type of radiation (UV or visible); and
(iii) the nature of the probe compound (RhB or phenol).

First, we observed that the sonication of the photocatalyst in the
aqueous solution is strongly beneficial for the activity of the layered
materials (GeH, GeBuyH(_x) and g-C3N4), and particularly for the

germananes for which dramatic improvements were observed (compare
Fig. 5a with 5c and Fig. 5b with 5d). On the other hand, the activity of
P25 TiO, was virtually unaffected by the sonication pretreatment. These
results support our hypothesis that sonication would be beneficial for
the photocatalytic activity of the 2D layered materials, becau