Open Access Article. Published on 05 April 2022. Downloaded on 4/22/2026 8:45:57 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2022, 24, 10241

Received 3rd March 2022,
Accepted 4th April 2022

DOI: 10.1039/d2cp01054b

Infrared analysis of catalytic CO, reduction in
hydrogenated germanium

Thierry de Vrijer 2* and Arno H. M. Smets

The oxidation and carbisation kinetics of porous amorphous and nano-crystalline hydrogenated
germanium (a-Ge:H and nc-Ge:H) films exposed to ambient air and deionized water have been studied
using vibration modes observed by infrared spectroscopy. Based on infrared analysis, a two-step process
of first oxidation by water and secondly carbisation by carbon dioxide (CO,) is proposed that partly
mimics the (photo-)catalytic processes in artificial (photo)synthesis. It is shown that water acts like the
precursor for oxidation of porous a-Ge:H and nc-Ge:H in the first step. The incorporation of oxygen in
a-Ge:H and nc-Ge:H alloys occurs preferentially at Ge-dangling bonds and not at the Ge-Ge back
bonds like in hydrogenated silicon alloys (next of kin IV-valence element). The formation of germanium
oxide (GeO) tissue at void surfaces locally creates Ge alloys with significantly lower energy levels for the
valence band that can align with the half reaction for water reduction. The heterogeneous nature of
a-Ge:H and nc-Ge:H oxidation will result in local catalytic generation of electrons and protons. It is
proposed that these charge carriers and ions act as precursors for the second-step reaction based on

rsc.li/pccp

1 Introduction

The Intergovernmental Panel on Climate Change Climate
Report 2021 shows that at the end of this century, negative
CO, emissions are required to limit the increase in global
temperature to 1.5 °C with reference to the 1850-1900
period." The electrochemical reduction of CO, will likely play
an essential role in achieving these negative emissions, as it
allows for the synthesis of carbon-based fuels using clean
renewable energy and the greenhouse gas CO, as a feedstock,
where traditionally nano-structured metals are used to drive the
CO, reduction reaction (CO,RR).> Recently, considerable effort
has been devoted to the development of heterogeneous cata-
lysts based on earth-abundant materials.”™

The group IV element germanium is such an (relatively)
earth-abundant material. The elemental abundance of Ge is
~1.8 ppm in the earth’s crust,® which makes it more abundant
than known conventional catalyst materials (Au, Pt, and Pd)
and noble metal complex-based molecular catalysts (Ru, Ir, and
Re), although not as abundant as elements used for novel metal
complexes (Co, Ni, Fe, Mn, and Cu).® In this work, infrared
evidence is presented based on which the electrochemical
reduction of CO, to CO, formic acid and formaldehyde on
hydrogenated (:H) germanium films is proposed. The Ge:H
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carbisation that includes both the adsorption of CO, and formation of CO and formaldehyde.

films are processed using plasma-enhanced chemical vapour
deposition (PECVD), a technique that is relatively fast, not energy
intensive and compatible with the processing of photovoltaic
devices. This potentially facilitates the use of Ge:H as nano-
particles in solution, or as a photo-electrode in integrated photo-
electrochemical or alternative photovoltaic-electrochemical
applications.””®

The post-deposition oxidation by water, and carbisation by
CO,, of hydrogenated germanium films are characterized and
potential pathways are proposed for the electrochemical
reduction of CO, on Ge:H films. Fundamental insight into the
reaction rate and type of reaction are provided by monitoring
Fourier transform infrared spectroscopy (FTIR) spectra of Ge:H
films stored in ambient conditions and in deionized (DI) water,
of amorphous (a-) and nano-crystalline (nc-) samples, of unal-
loyed and alloyed Ge(Si,,O,):H samples and of Ge:H samples of
different material porosity and chemical stability.

2 Experimental section

The films presented in this work are processed on 4 inch, 500 pm
thick monocrystalline silicon wafers. The a/nc-Ge:H films were
processed in a cascade radio-frequency PECVD reactor that has a
circular electrode with a diameter of 160 mm and an electrode
spacing of 20 mm. The cascade radio-frequency PECVD reactor is
a laminar flow reactor, where germane (GeH,) and molecular
hydrogen are used as precursor gases. The a/nc-Si, Ge:H and
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Table 1 Deposition conditions of the films presented in this work: radio-
frequency power (Pgrg), pressure (p), substrate temperature (Ts) and gas
flow rates (Fgas). All the samples are processed under Fi, = 200 sccm

Prp p Ts  Fco, OF Fgen, Thickness

(mW cm™?) (mbar) (°C) Fgin, (scem) (scem) (nm)
a-Si,Ge:H 20.8 3.6 180 30 5.3 292.2
ne-Si,Ge:H 20.8 3.6 180 30 0.4 148.1
nc-Ge:H 99.5 3.5 200 0.5 222.6
a-Ge:H 24.9 4 200 0.5 182.6
a-GeO,:H  20.8 3.6 180 20 2 173.8
a-Ge:H-1 49.8 5 280 0.5 121.4
a-Ge:H-2 49.8 5 250 0.5 85.5
a-Ge:H-3 14.9 4 290 2 174.5
a-Ge:H-4 49.8 5 275 1 185.6
a-Ge:H-5 74.6 4 200 0.5 201.2

a-GeOgH films were processed in a different radio-frequency
PECVD cluster tool, with a flat 12 cm x 12 cm shower-head
electrode. The deposition conditions of the processed films,
including deposition times and thickness, are reported in
Table 1. After deposition, the wafers were cut into quarter pieces
to measure the FTIR spectra as the Ge:H films evolve over time
under two storage conditions; in the dark and in DI water.

The FTIR spectra were obtained using a Thermo Fisher
Nicolet 5700 spectrometer. The spectra were fitted using the
Fityk freeware.'® The background was subtracted manually. In
this work, the subscript “n” is used to indicate bonding
configurations with 1, 2 or 3 hydrides, while the subscript “x”
is used to indicate non-stoichiometric materials with an
unknown, or various, material fractions x.

3 The oxidation and etching behaviour
of Ge:H by water

For a full understanding of the oxidation and carbisation
behaviour, the evolution of the a/nc-Ge(O,,Si,):H films over
time is monitored. The results are presented in Fig. 1. The
vibrational spectra provide some remarkable insight into the
chemical stability of the films. For all a/nc-Ge(O,):H samples,
independent of the storage conditions, several distinct
vibrational modes appear post-deposition, among which a
broad band of vibrations is observed in the 650-1000 cm ™
range. This band of vibrations, not present in the chemically
stable a/nc-Ge:H films, was previously identified as a range of
Ge-0 and potential Ge-C vibrations.***?

Notably, while the evolution of the Ge-O vibrations is
similar for both storage conditions, i.e. in the dark and in DI
water, the evolution of the Ge-H vibrations in water and the
ambient environment is dissimilar. For the samples stored in
water, Ge-H wagging and stretching vibrations, at ~560 cm ™"
and 1870 ecm™', in the FTIR spectra of a/nc-Ge(O,):H films,
decrease over time. This indicates that the Ge:H phase is etched
when submerged in water, assuming that the Ge-H bonds are
to a certain extent homogeneously distributed over the film
thickness. This etching of the Ge:H films in DI water, and the
consequent reduction in film thickness, was confirmed by
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Fig. 1 FTIR spectra of a/nc-Ge(O,,Siy):H alloys. All curves are presented after
background subtraction. The black solid curves represent measurements at
0 h. The red curves indicate measurements after exposure to the ambient
environment and blue curves indicate measurements after exposure to DI
water. Insets show specific wavenumber ranges at a reduced vertical scale.
Deposition conditions of the films are presented in Table 1.

measurements using spectroscopic ellipsometry (SE). However,
the Ge-H vibration intensity of the samples stored in the
ambient environment does not change significantly over the
observed 1000+ hour period. This can be observed in the FTIR
spectra of a-Ge:H-1-2 in Fig. 1, selected from amongst a dozen
similar samples; nor did SE measurements indicate a decrease
in film thickness. This behaviour leads to two important
observations.

The first observation is related to the interaction between
water and Ge:H; specifically, the position of the oxygen atom in
the amorphous Ge:H phase. The Ge-O vibrations increase

This journal is © the Owner Societies 2022
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without a decrease of the Ge-H vibrations. This means that
water will not react with Ge-H bonds and the oxygen atom will
not position itself at a site occupied by hydrogen. It also
appears unlikely that water will react with a Ge-Ge bond and
position itself back-bonded to two Ge-atoms, since Raman
spectroscopy measurements did not indicate a significant
decrease of Ge-Ge vibrations. Additionally, if we consider
the oxidation of Si:H, where oxygen is favourably positioned
back-bonded to two Si atoms, distinct SiH,0, and SiHO; modes
do appear upon the oxidation, positioned up shifted by about
50-250 cm™ ' with respect to the SiH, modes.”*' Similar
0,GeH, or O;GeH stretching modes are not apparent in the
FTIR spectra presented in this work. The absence of these
modes and the lack of significant change in the observed
Ge-Ge and Ge-H bond intensity, in combination with the
relatively poor hydrogen passivation efficiency of dangling
bonds in Ge:H with reference to Si:H**7* and the relatively
high dangling bond densities that are expected in these
films,">?® likely indicate that water will react with the
Ge-dangling bonds and oxygen will predominantly occupy the
Ge-dangling bond position. The different positioning of O in
Si:H and Ge:H is schematically shown in Fig. 2. The favorable
positioning of O at the Ge-dangling bond site explains the
defect passivating behaviour of oxygen in a-Ge:H films, which
was observed in earlier work.'” Additionally, it explains why in
a-Ge:H, unlike in a-Si:H, H and O incorporation are reportedly
competitive.*>°

The second important observation is related to the etching
behaviour of Ge:H. The a/nc-Ge:H films of Fig. 1 are consumed
too fast to allow for a detailed investigation of the etching
behaviour of Ge:H over time. For that reason, three additional
a-Ge:H samples were processed and their degradation in DI
water was monitored at much smaller time increments. In
previous research it was observed that the degradation beha-
viour of Ge:H samples is related to the material density.**?”
The a-Ge:H-3-5 samples are therefore processed at conditions
resulting in a-Ge:H films with various porosities and expected
chemical stability. The results are shown in Fig. 3. The refrac-
tive index at a wavelength of 600 nm (ngeoonm) is used as a
metric for the material density, with a high nggoonm indicating
a dense material.

The difference in degradation behaviour of the three a-Ge:H
films is significant. The a-Ge:H film with the highest material
density first shows a decrease of the Ge-H modes at 40 hours
and the first Ge-O vibrations only appear at 100 h. For the two
more porous samples, post-deposition oxidation has already
occurred during the 1-2 minute ambient exposure during the

N /SI N /Ge
/s'\ . /Gp\
H Si Ge

Fig. 2 Simplified schematic of the favourable position of oxygen in a
hydrogenated silicon and germanium structure. Red line represents a
dangling bond.
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Fig. 3 Evolution over time of three different a-Ge:H alloys stored in DI
water. Samples have various Naeoonm. Where the high-nasoonm a-Ge:H-3
sample is the most dense and the low-ngeoonm a-Ge:H-5 sample is the
most porous. Insets show specific wavenumber ranges at a reduced
vertical scale. Deposition conditions of the a-Ge:H-3-5 films are reported
in Table 1.

transfer from the PECVD reactor to the FTIR measurement
setup. Notably, for the a-Ge:H sample with ngeoonm = 4.85, the
Ge-O vibrations are decreased after 30 s of etching in DI water.
This oxidation and etching behaviour indicates the presence of
two distinct regions, a porous top region on top of a dense bulk
region, for this particular sample. This observation and the
underlying mechanisms are discussed in more detail
elsewhere.?® After the initial etching of the porous top region,
the Ge-H vibrations gradually decreased with respect to the
Ge-O vibrations, and after 25 hours only a fraction of the film
thickness remained. It can be observed that the oxidation of the
porous a-Ge:H film with ngeoonm = 4.63 occurs at a much
higher rate.

Fig. 3 yields more insight into the mechanism involved in the
porosity-facilitated etching behaviour. A clear trend is observed
between the ngeoonm Of the a-Ge:H films and the intensity and
central position of the peak at around 1950-2100 cm *. This
peak is the result of Ge-H stretching and is referred to as the
high stretching mode (HSM). The peak at 1875 cm™ " is referred
to as the Ge-H low stretching mode (LSM). The HSM is seen to
increase with respect to the LSM for decreasing ngeoonm, which
has been reported in earlier work.>® Compared to hydrogenated
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silicon alloys,*®** HSM vibrations are the result of hydrogen
bonded to germanium at the surfaces of nanosized voids. A shift
of the peak position towards higher wavenumbers, as observed
in a-Ge:H-5 with reference to a-Ge:H-3 and a-Ge:H-4, indicates
that the vibrating Ge-H bonds reside at the surfaces of yet larger
nanosized voids. Not only does the rate of oxidation increase
with the HSM/LSM ratio, the HSM is also reduced much more
strongly than other bonds. It is likely that when larger voids are
present in the material, water can diffuse into the nano-sized
voids present in the bulk. With this in-diffusion, the number
of reaction sites that water can access is strongly increased.
Consequently, the rate of oxidation, as well the etching rate,
increases with increasing void fraction. The pores that facilitate
the in-diffusion of water are oxidized first, as demonstrated by
the strong decrease of the HSM in the first 30 minutes for the
sample a-Ge:H-5.

While the oxidation of Ge:H films is observed for both
storage conditions, the question remains as to what causes
the difference in etching behaviour between the samples stored
in the ambient environment and in water. This question has
three potential answers. 1. A difference in reactive species.
In the ambient environment, O, could potentially be the source
of oxygen, instead of water. This seems unlikely, since the
observed relation between density and stability is likely macro-
scopic by nature. A dense material prevents the in-diffusion of
water and thereby bulk oxidation. A dense Ge:H phase, unlike a
porous Ge:H phase, has an average bond length small enough
to prevent the in-diffusion of H,O but not the in-diffusion of
0,."? Moreover, if a different species was involved in the
oxidation reaction, a more distinct difference between Ge-O
signatures could be expected. 2. A difference in rate of
oxidation, due to a difference in the concentration of H,O in
the direct environment of the films. While this cannot be
excluded, it seems unlikely to be a dominant factor considering
that evidence of etching is observed in a-Ge:H-4-5 in Fig. 3 after
seconds, while no such evidence is apparent in a-Ge:H-1-2 in
Fig. 1 after 1000+ h. The most likely explanation then is 3.
A difference in reaction type. It is likely that the etching
reaction is one requiring the simultaneous breaking of multiple
Ge-bonds by H,0. The multiple bonds should be broken in
quick succession, since a competition will exist between the
breaking and reconstruction, or cross-linking, of the Ge-bonds.
As H,O will favourably react with the Ge-dangling bond, the
etching reaction is unlikely to occur in the absence of abundant
water. Alternatively, etching could be the result of a multi-step
reaction in which the secondary reaction step, or steps, are
not energetically favoured with respect to the first and will
therefore only occur if abundant water is present.

4 Carbisation of Ge:H by CO,

In addition to the Ge-O vibrational modes, several distinct vibra-
tions appear post-deposition in the Ge:H spectra. Considering
a-Ge:H-4-5 in Fig. 3, the oxidation is accompanied by the appear-
ance, and continuous increase, of C-H,, stretching vibrations in the
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2800-3000 ¢cm~ ' range. In fact, the appearance of the C-H,
stretching modes can be observed in all films containing a hydro-
genated germanium phase.

This observation indicates the occurrence of a post-
deposition process during which carbon is absorbed on the
germanium alloys. Additional information as to the nature of this
process is provided by the appearance of several distinct vibra-
tional modes. In Fig. 1, peaks appear at 1100 cm™*, 1230 cm™ %,
1660 cm ™" and 1740 cm ™" in the a/nc-Ge(O,,Si,):H spectra. Insets
are provided for the a/nc-Si, Ge:H samples in Fig. 1, to demon-
strate the evolution of the peaks as a function of time. After 10 h
the peak at 1740 cm ' appears, in concert with the C-H,
stretching modes at 22850 cm ™" and 2930 cm ™. Following the
appearance of these peaks, a vibration appears at 1660 cm .
Additionally, in the a/nc-Ge(O,):H spectra in Fig. 1 and in the
spectra of a-Ge:H-4 and a-Ge:H-5 in Fig. 3, vibrational modes
appear at 1020 cm ' and 1450 cm ™' that increase over time with
reference to the Ge-H modes.

All of these vibrational modes are the result of different
bonding configurations between carbon, hydrogen and oxygen,
as indicated in Table 2. The peak at 1020 cm ™" is reportedly the
result of the C-H,, wagging vibration,"*" the peak at 1100 cm ™"
is the result of C-O, stretching,"®'” and the peaks at 1230 cm ™"
and 1400 cm ™ are likely the result of C-H,, wagging®'®*® and
bending,"”"**7* respectively. The peak at 1430-1450 cm ' is
the result of (0,)C-H,, bending,'”****?** while the peaks at
1660 cm ™" and 1740 cm ™' are reportedly the result of different
C-0,'%**?® and H,, C-0,>>*’ stretching modes.

Since the samples are stored inside an ISO7 cleanroom and
exposed to no other source of carbon than the ambient environ-
ment, the most likely source of carbon in the post-deposition
carbisation process is CO,. All of the CH,O, vibrations listed
above, where y and z are discrete numbers, can be attributed to
the vibrations of CO, HCHO (formaldehyde), HCOOH (formic
acid) and H3;COH (methanol). Based on these two observations we
propose a post-deposition process involving the electrochemical
reduction of CO,. This proposition raises 3 main questions: 1.
What is the sequence of events resulting in the electrochemical
reduction of CO, on Ge:H films? 2. What are the potential
adsorption mechanisms for CO, onto Ge:H? 3. What type of
CO,RR is taking place on the Ge:H films?

Table 2 Assignment of FTIR peaks, including wagging (W), bending (Be),
and stretching (St) designation

Peak position (ecm ')  Suspected bond  Vibration  Ref.
560-580 Ge-H,, W 11, 12
650-950 Ge-0, St 12,13
1020 C-H, W 14, 15
1100 C-0, St 16, 17
1210-1230 C-H, w 16, 18, 19
1400 C-H, Be 17, 19-22
1430-1450 (0,)C-H,, Be 17, 20, 23, 24
1660 Cc=0, St 16, 24, 25
1740 H,C-O, St 26, 27
1875 Ge-H,, LSM St 11, 12, 28
1950-2000 Ge-H,, HSM St 11, 12, 28
2800-3000 C-H, St 14, 15

This journal is © the Owner Societies 2022
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Regarding question 1, the sequence of events resulting in
CO, reduction is as follows. From the FTIR spectra, especially
those of a-Ge:H-1-2, it is apparent that the Ge-O vibrations
appear before the numerous CH,0, vibrations. The presence of
the GeO,:H phase in the heterogeneous a-GeO,:H material is
therefore likely a prerequisite for the CO,RR. This prerequisite
of the GeO,:H phase could potentially be related to the CO,
adsorption mechanisms, which will be considered in the next
section. Alternatively, the requirement of a GeO,:H phase can
be understood if we consider that water splitting potentially
provides the necessary protons for the CO,RR. Consequently, in
order for the CO,RR to occur, the valence band edge should be
aligned with the potential for water oxidation and the conduction
band edge should be well aligned with the potential for the
CO,RR to formaldehyde. For crystalline Ge, the conduction band
edge is already well aligned with the CO,RR, as can be observed in
Fig. 4. The valence band edge, however, is about 1 eV removed
from the potential for water oxidation. As it is unlikely that the
valence band edge of Ge:H is positioned 1 eV below that of the
crystalline Ge, we propose that the observed CO,RR is the result of
a 2-step process. In the first step Ge:H oxidizes in a reaction with
water, forming GeO,:H. The band gap energy of GeO,:H increases
with oxygen fraction. Several studies show that this difference is
mainly caused by a downward shift of the valence band edge with
respect to the vacuum level, rather than an upwards shift of the
conduction band edge.***”** GeO,:H, therefore, is energetically

E vs vacuum (eV)

o E (Vs SHE) 12H"+2e" 5 HCOOH (0.61)

L oF e GeO, i

/. 2H"+2e” CO +H,0 (-0.53V]
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Fig. 4 Conduction and valence band edges of Ge materials with refer-
ence to the vacuum level and standard hydrogen electrode (SHE). The
vacuum level and SHE potential are aligned using the absolute chemical
potential of electrons under SHE conditions, of —4.44 eV.24%4 Alignment
of the conduction and valence band edges, with respect to the vacuum
level of Ge based on,*0#? GeO, | based on,*344 GeOs on*34546 and
GeOs, Ill on.*” Band gap energy of a-Ge:H estimated to be in the range of
0.9-1.1 eV.?2 a-GeO,:H indicates suspected band alignment upon oxida-
tion of a-Ge:H. Dashed areas of a-Ge(O,):H materials indicate suspected
band edge variations based on the level of hydrogenation and oxidation.
The water reduction half reactions at pH = 0 and pH = 7 are indicated by
the red lines, and the water oxidation half reaction at pH = 7. The
electrochemical redox potentials of six different CO, reduction pathways,
vs. SHE at pH = 7, are indicated by the dashed black lines, including the
number of protons and electrons required for the reaction.”48-5
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well suited for the oxidation of water and generation of protons.
The second step then involves the adsorption and electrochemical
reduction of CO,. Notably, this process, in which the photo-
catalytic oxidation of water provides the protons required for
the reduction of CO,, resulting in the formation of formaldehyde,
or other CH,0O, products, is comparable to photosynthesis and
therefore often referred to as artificial photosynthesis.”*®

Regarding question 2, the potential adsorption mechanisms
for CO, onto Ge:H are as follows. If we consider the sequence of
events, and the bonds present in the FTIR spectra prior to the
appearance of the CH,O, vibrations, three types of Ge-bonds are
available to facilitate CO, adsorption. These three bonds are the
Ge-dangling bond, Ge-H bond and Ge-O bond. These bonds,
and their potential roles in facilitating CO, adsorption, are
schematically shown in Fig. 5. Of these potential adsorption
mechanisms, those positioned in the red boxes are less likely to
occur for various reasons. The adsorption mechanism in box I
requires O to back-bond to two Ge-atoms, which is unlikely to
be the case in a-Ge:H as established in the previous section. The
adsorption mechanism in box II requires H to be shared
between Ge and O. Such a reaction would very likely result in
a change in the Ge-H vibrational modes, a peak broadening or
decrease of the peak intensity, which is not observed in the
FTIR spectra. Each of the remaining mechanisms, labeled A-E,
are plausible routes for the CO, adsorption in Ge:H, based on
the experimental data presented in this work.

Regarding question 3, the type of CO,RR occurring in Ge:H
is as follows. There are 6 pathways for electrochemical CO,
reduction, each resulting in a different reaction product.®*%>
The different pathways require a different number of electrons
and protons. The simplest reactions, the reduction of CO, to
formic acid or CO, require 2 electrons and protons. Each
successive pathway requires two additional electrons and pro-
tons, as indicated in Fig. 4. These are, listed in order of
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o N el JsoioGel ¢ N
o il ILEPZAN
B 1l : Os 20 ' Ge
O G/ ¢ C\i I
o e~n-Ge | H-%“
Ge ; 0o i \O
c C H-=0p
0] . : RN . /
G/ %Cfo\ ! /o/ O\ | Ge \\C
e Ge ; \ P

Fig. 5 Simplified schematic representation of the potential CO, adsorp-
tion mechanisms facilitated by a Ge-dangling bond (left), Ge-O bond
(centre) and Ge—H bond (right). Red lines represent Ge-dangling bonds.
Red boxes I and Il are unlikely routes and are referenced in the text.
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increasing number of charge carriers required, reactions resulting
in the formation of CO, formaldehyde, methanol, methane or
ethanol.

The peaks observed in the FTIR spectra in this work appear
predominantly due to the result of CO, HCHO and HCOOH
vibrational modes. Selectivity for a certain reaction product can
be the result of the specific energetic alignment of the conduc-
tion band edge with a certain reaction. However, in Ge:H this
seems unlikely to play a dominant role, since a well-aligned
conduction band edge for CO, reduction to formic acid and CO
should also facilitate the CO,RR to methane and ethanol as can be
observed in Fig. 4. It is therefore more likely related to the
probability of the occurrence of a certain pathway. This probability
is directly related to the number of electrons and protons involved
in the reaction. The reduction of CO, to, for example, ethanol,
requires the simultaneous availability of 12 protons and 12 elec-
trons. This reaction is therefore less likely to occur than the
formation of formic acid, which only requires two of each charge
carrier type. Consequently, we would expect the largest fraction of
vibrations to be related to the “simplest” reaction pathways,
resulting in CO, formic acid and formaldehyde.

5 Conclusions

In this work, the first ever evidence of the post deposition
appearance of CH,O, vibrational modes in PECVD-processed
hydrogenated germanium is presented. It is proposed that the
observed carbisation reaction involves the catalytic reduction of
CO, on Ge:H films to products like CO, formic acid and
formaldehyde. A two-step process is proposed, in which the
reduction of CO, follows the post-deposition chemical trans-
formation of a-Ge:H to a-GeO,:H upon reaction with water. The
reaction rate is demonstrated to be a function of the material
porosity.

A theory is presented in which the a-GeO,:H phase is
essential for energetic alignment of the valence band edge with
the water oxidation reaction potential. Protons from water
splitting are used for the catalytic CO, reduction reaction.
Moreover, we demonstrate that the carbisation reaction does
not result in the consumption of the catalyst material. However,
etching of the Ge:H films does occur during the oxidation of
Ge:H, only if the film is submerged in deionized water. Many
questions remain as to the specific reactions resulting in the
etching of the Ge:H phase and the CO, adsorption reaction.
The authors hope to inspire additional computational and
experimental research to validate the theories proposed in
this work.

Though many questions remain, these findings demonstrate
the potential use of a-Ge(O,):H as an inexpensively processed,
relatively earth abundant electro-catalyst or electrode material
for photo(voltaic)-electrochemical device applications.
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