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ABSTRACT: The ongoing demand to power our society dictates
the need for fossil-free fuels. Herein, the metal−organic framework
(MOF) catalyst Al2(OH)2CoTCPP was grown as a thin film on a
p-type silicon semiconductor (SC) for photoelectrochemical
(PEC) fuel production. The MOF@Si composite catalyzes
hydrogen production under illumination at an applied potential
that is 320 mV more positive than that of the same MOF on a dark
conducting substrate. An interesting feature of the study relates to
the product speciation, as metalloporphyrins are known to catalyze
both H2 evolution as well as CO2 reduction. In aqueous
bicarbonate electrolyte and in the presence of CO2, hydrogen is
detected as the sole product after chronoamperometry (CA). In fact, the MOF@Si composite catalyzed H2 evolution with a faradaic
efficiency of close to 100%. The role of the MOF as a catalyst could be established by comparing the current response of the MOF@
Si photoelectrode with that of bare silicon, with the former showing more than 30-fold higher currents. Comprehensive
characterization of the Al2(OH)2CoTCPP@Si composites by scanning electron microscopy and X-ray photoelectron spectroscopy
before and after PEC experiments confirms the stability of the MOF under the experimental conditions.

■ INTRODUCTION
The generation of solar fuels, akin to natural photosynthesis, is
essential for advancing renewable energy technologies and
mitigating environmental challenges.1,2 One sustainable
strategy to produce high-energy compounds from abundant
and cheap raw materials is to integrate light absorption and
catalytic function. This can be achieved by combining
semiconductors (SCs) such as p-type silicon and molecular
porphyrin-based catalysts within metal−organic frameworks
(MOFs).3 p-Type silicon for light-harvesting benefits from its
abundance, cost-effectiveness, and stable crystalline structure.4

SCs such as p-type Si efficiently capture photons and generate
electron−hole pairs, creating a photovoltage that drives the
conversion of solar energy to electrical energy or fuels.
Molecular catalysts facilitate complex multielectron and

multiproton reactions necessary for converting solar energy
into chemical fuels, transforming CO2 or water into energy-
rich molecules like hydrogen or hydrocarbons.5 Among them,
metalloporphyrins are highly versatile and have been
extensively studied for a wide range of applications, including
H2 evolution,

6 water oxidation,7 and CO2 reduction.
8 Despite

their excellent catalytic activity, porphyrins are prone to
aggregation in a homogeneous solution due to their extensive
π-systems, leading to reduced activity.9 One way to avoid these
detrimental multimolecular interactions is by integration into
heterogeneous matrixes, such as MOFs.9,10 MOFs are a class of

materials made of metal cations or clusters thereof, called
secondary building units (SBUs), that are linked by organic
molecules to form highly ordered lattices with well-defined
chemical topology.11,12 Characterized by their highly porous,
three-dimensional structures and high internal surface areas,
they are attractive for designing active catalysts.13−15

Heterogenizing molecular catalysts within a MOF can enhance
catalyst activity and stability by spatially separating active sites
and providing a protective environment, inhibiting detrimental
bimolecular encounters.10,16 Consequently, numerous reports
on MOF-based catalysts for electrochemical fuel production,
such as H2 evolution,

17−20 and CO2 reduction,
20−24 have been

reported over the past decade. More specifically, the field
became also more interested in porphyrinic MOFs.25−30

Herein, a MOF with catalytically active porphyrin CoTCPP
(5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin cobalt(III)
chloride) linkers on a p-type silicon SC is investigated for
photoelectrochemical (PEC) fuel production (Figure 1).
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Illumination of the p-type silicon causes electron−hole pairs to
be formed. The excited electrons can be harvested by the MOF
layer, minimizing unwanted recombination pathways.31 Within
the MOF layer, charge transport occurs via electron hopping
between the redox active, immobilized porphyrin linkers,32−34

leading to the reduction of the Co centers throughout the thin
film. These, in turn, can potentially reduce substrates such as
H+ and CO2 toward solar fuel production. In fact, porphyrin-
containing MOFs have previously been shown to catalyze both
proton25 and CO2 reduction,26 and a goal of this study was
thus to investigate the selectivity in the presence of both
substrates.
Overall, the Al2(OH)2CoTCPP@Si architecture utilizes the

solar energy absorption and electron generation capabilities of
p-type silicon, while the MOF contributes with efficient and
stable electrocatalytic reactions, maximizing photoexcited
electron utilization and enabling PEC fuel production at a
diminished applied potential.

■ EXPERIMENTAL DETAILS
Preparation of Si and ITO Substrates. Silicon wafers were

prepared for Al2O3 deposition by cutting them into desirable
dimensions (ca. 1 × 1 cm) with a diamond cutter and sonicated
successively in acetone, DCM, and water for 5 min each. Thereafter,
the wafers were immersed in 40% ammonium fluoride for 20 min to
remove the native oxide layer, followed by rinsing with water and
storing under an argon atmosphere. ITO substrates were prepared for
Al2O3 deposition by cutting them into desirable dimensions (1.4 ×
1.2 cm). The substrates were successively sonicated for 10 min each
in a 1% Alconox detergent solution, water, EtOH, and acetone.
Thereafter, the substrates were dried under argon.

Atomic Layer Deposition. Deposition of Al2O3 was carried out
at 150 °C in a Picosun R-200 ALD system. Trimethylaluminum and
water were used as precursors and were held in customized vessels to
allow for pulsed delivery. Pulse times for trimethylaluminum and
water were 0.1 s; and the purge time between steps was 5.0 s.
Nitrogen functioned both as a purge and carrier gas. The growth per
cycle of Al2O3 deposition was measured by ellipsometry to be 0.95 Å
at 120 °C and 1.06 Å at 180 °C. For the deposition being carried out
at 150 °C, a growth per cycle of ca. 1.0 Å is estimated, leading to a
deposition of 5 nm of Al2O3 after 50 cycles. After deposition, the
chamber was purged with nitrogen and the samples were taken out
and allowed to naturally cool to room temperature in an air
environment.

MOF Synthesis. After the ALD procedure, the as-prepared
substrate was utilized in the MOF synthesis. The MOF synthesis was
carried out in a Biotage Initiator Classic microwave reactor. The ALD-
coated sample was placed in a microwave vial, after both the vial and
the sample had been rinsed with DMF. A solution of 5 mg of
CoTCPP, 1.5 mL of DMF, and 0.5 mL of water was prepared and
sonicated for 5 min. The solution was filtered over cotton wool
directly into the vial. The closed vessel was heated to 140 °C for 10
min. Following this, the sample was allowed to naturally cool to room
temperature before the solution was removed. The sample was then
rinsed with DMF (5 mL), ethanol (5 mL), and DMF (5 mL), before
it was stored in DMF to soak further for 4 days. The DMF was
exchanged daily. Thereafter, the sample was kept in acetone for 1 day
and dried under air or reduced pressure at room temperature.

Photoelectrochemistry. Photoelectrochemical measurements
were performed in a three-electrode setup using a custom-made
Proteus Gamma I cell (PINE Research Instrumentation; Figures S5
and S6) equipped with a quartz window on one side and a 0.28 cm2

opening to be covered with the MOF-coated working electrode
(WE). A typical WE was prepared by scratching the back of the wafer
with a GaIn eutectic-coated diamond scratcher to enhance the contact
to the stainless-steel back contact of the cell. A 6 mm-diameter
graphite rod, separated by a frit, was used as a counter electrode. A
single junction Ag/AgCl reference electrode from PINE Research
Instrumentation was used, filled with 4 M KCl with a AgCl solution
(0.199 V vs NHE). The illumination source was an Enli Tech Solar
Simulator with a Xe light source. The light intensity was calibrated to
AM 1.5 G (47.6 mA) using a NREL-traceable silicon reference cell,
corresponding to 100 mW cm−2. All measurements were performed in
0.5 M KHCO3 electrolyte using a Metrohm Autolab potentiostat
(PGSTAT204). All current densities given were normalized to the
exposed surface area of the WE (0.28 cm2). This setup was consistent
in all of the (photo)electrochemical analyses (CV, LSV, and CA).

■ RESULTS AND DISCUSSION
Al2(OH)2CoTCPP@Si Synthesis and Characterization.

Al2(OH)2CoTCPP is a stable and porous porphyrinic MOF
consisting of tetratopic cobalt porphyrin linkers (CoTCPP =
5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin cobalt(III)
chloride), coordinated to aluminum oxo/hydroxo rods (Figure
S1). The metalated porphyrin linker, CoTCPP, was synthe-
sized either in a one-step procedure, starting from the free-base
porphyrin H2TCPP, based on previously described proce-
dures36 , 37 or purchased. The synthes ized MOF
Al2(OH)2CoTCPP was identical by SEM, XPS, and electro-
chemical analyses, irrespective of the linker source.
For the growth of the Al2(OH)2CoTCPP MOF on p-type

doped silicon, the silicon wafers were first coated with
aluminum oxide by atomic layer deposition (ALD; see details
in the Supporting Information). More specifically, the
substrates were exposed to alternate pulses of Al(CH3)3 and
H2O for 50 cycles, which led to the formation of a ca. 5 nm
thick layer of Al2O3. ALD bears the advantage of precise
thickness control and, by extension, reproducible MOF
construction. The MOF-coated silicon wafers can be achieved
from the ALD-treated ones via microwave-assisted MOF
growth (details in Supporting Information). During this step,
the MOF is established via a process called pseudomorphic
replication (PMR).38−40 The prior deposited Al2O3 serves not
only as a metal source for the establishment of the SBUs but
also as a growth-directing agent.38

The homogeneity of Al2(OH)2CoTCPP@Si was confirmed
by scanning electron microscopy (SEM), which shows
porphyrinic-MOF-typical26,41−43 platelet-like crystals of ca.
200 nm length covering the entire surface (Figure 2a). Cross-
section analysis (Figure 2a, inset) reveals that the platelets

Figure 1. Schematic representation of the photoelectrochemical
system, comprising the Al2(OH)2CoTCPP-modified p-type silicon
semiconductor working electrode for fuel production under
illumination. The atoms in the crystal structure of Al2(OH)2CoTCPP
(CCDC No. 153885135) are labeled as follows: Co, purple; O, red; C,
gray; N, blue; and Al, light red. Hydrogen atoms were omitted for
clarity. The schematic representation for the atoms of the substrates
and products during fuel production is labeled as follows: O, red; C,
black; and H, light gray.
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stand upright on the substrate with a film thickness of roughly
100 nm. The X-ray photoelectron spectroscopy (XPS)
spectrum shows the expected signals of Co 2p, N 1s, and Al
2p, as indicated in Figure 2b. The XPS data confirm that the
linker stays intact while subjected to the MOF synthesis
conditions. The high-resolution XPS spectrum of the Co 2p
region (Figure S4a) shows minimal satellite features, as
expected for Co(III).44 The high-resolution XPS spectrum of
the N 1s region (Figure S4b) shows a single peak at 398.9 eV,
indicating a fully metalated porphyrin.45 Fourier transform
infrared (FTIR) spectroscopy was performed on the porphyrin
linker CoTCPP and the Al2(OH)2CoTCPP@Si material and
the spectra are presented in the Supporting Information
(Figure S2). X-ray diffraction measurements of an analogous
material was previously shown on indium tin oxide (ITO)-
coated glass substrates,42 as patterns measured on silicon were
inconclusive, which is not unusual for MOF thin films.31

Photoelectrochemical Analysis. The as-synthesized
MOF-coated Si samples were used as working electrodes
(WEs) and evaluated for light-assisted fuel production by PEC
experiments, including cyclic voltammetry (CV), linear sweep
voltammetry (LSV), and chronoamperometry (CA). The latter
was performed over an extended period of time to determine
the stability under photoelectrochemical conditions. All PEC
experiments were performed in a CO2-saturated aqueous
bicarbonate buffer (0.5 M KHCO3) at pH = 7.78 to potentially
allow for both H+ and CO2 reduction. The headspace after CA
was sampled to analyze the product distribution by gas
chromatography (GC).

Studies of the Al2(OH)2CoTCPP@Si system by CV and CA
under illumination reveal that the current density increases as
the sample is subjected to electrochemical conditions. This was
first observed by measuring ten consecutive CV scans of an as-
synthesized Al2(OH)2CoTCPP@Si electrode, where the
current density increased with each scan (Figure 3a). The

current density increase can also be observed in a CA
experiment at a constant applied potential of −1.3 V versus
Ag/AgCl (Figure 3b, purple region). This behavior has
precedence in the literature and has been rationalized by
electrochemical conditioning of the MOF.46 In this process,
linker reduction, initially at the substrate/MOF interface, leads
to an ingress of charge balancing counterions, which, upon
electrochemical reoxidation of the MOF, remain in the film for
a certain amount of time. In the subsequent reductive scan,
MOF reduction will experience the presence of the remaining
cations, and a higher number of linkers can be reduced on the

Figure 2. (a) SEM image of Al2(OH)2CoTCPP grown on p-type
silicon. Inset: Cross-section SEM showing a uniform height of the
MOF crystallites. The scale bars indicate 500 nm. (b) X-ray
photoelectron spectrum of Al2(OH)2CoTCPP MOF grown on p-
type silicon. The elements of interest are indicated.

Figure 3. (a) Consecutive CVs of an Al2(OH)2CoTCPP MOF grown
on p-type silicon before it was exposed to electrochemical
conditioning. The black line represents the first scan, and the red
line represents the 10th scan. Parameters: CO2 atmosphere; 0.5 M
KHCO3; illumination 100 mW cm−2; and scan rate 100 mV s−1. (b)
Chronoamperogram of an Al2(OH)2CoTCPP MOF grown on p-type
silicon at a constant potential of −1.3 V vs Ag/AgCl. Conditioning of
the electrode occurs in the beginning of the run (purple region).
Fluctuating current densities are due to formation (blue arrows) and
dislodging (orange arrows) of gas bubbles. Parameters: CO2
atmosphere; 0.5 M KHCO3; illumination 100 mW cm−2; and
collecting a data point every 1 s. (c) CVs of an Al2(OH)2CoTCPP
MOF grown on p-type silicon under dark conditions (gray) and
under illumination before (black) as well as after (red) being exposed
to chronoamperometry conditions at −1.3 V vs Ag/AgCl. Parameters:
CO2 atmosphere; 0.5 M KHCO3; illumination 100 mW cm−2; and
scan rate 100 mV s−1. Potential window between −1.3 and 0.1 V vs
Ag/AgCl.
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time scale of the experiment. This effect is additive until the
film is fully conditioned, and ideally all linkers can be reduced.
This phenomenon is not observed on a bare silicon WE,
confirming that it is MOF related (Figure S8). After
electrochemical conditioning, fluctuating current densities in
the CA experiments can be observed. These recurring gradual
decreases or sudden increases are the result of bubble
formation and dislodging, respectively, at the MOF/electrolyte
interface. In fact, bubble formation is observable by eye and
causes a temporary blockage of the catalyst layer (Figure 3b).
Comparing the CVs of the Al2(OH)2CoTCPP@Si photo-

electrode before (Figure 3c, black) and after (Figure 3c, red)
electrochemical conditioning illustrates the increase in current
density, reflecting the observations during CA. The observed
maximum current density of circa −2.0 mA cm−2 during CA
(Figure 3b) matches the current density at −1.3 V vs Ag/AgCl
in the CV after electrochemical conditioning (Figure 3c, red).
Furthermore, CVs under dark conditions reveal that little to no
current passes if the SC is not illuminated (Figure 3c, gray),
consistent with p-type silicon being a photocathode.47

Chopped-light LSV was performed to further illustrate the
importance of irradiation on the observed current response of
conditioned Al2(OH)2CoTCPP@Si. LSV was measured at a
scan rate of 10 mV s−1 from −0.1 V until −1.9 V vs Ag/AgCl,
while the MOF@Si composite was alternatingly exposed to
light irradiation (100 mW cm−2) and to dark conditions (gray
areas) with an interval of 5 s (Figure 4). In the absence of light,
the current decreases to zero, while, when irradiated, it follows
the response under constant light exposure.

Product Analysis. The gaseous product was identified and
quantified by GC monitoring of CA experiments at applied
potentials of −1.3 V and −1.7 V vs Ag/AgCl in 0.5 M aqueous
KHCO3 under an illumination of 100 mW cm−2 (Figure 5a).
As expected, the photocurrents are higher when a higher
voltage is applied during CA, which is consistent with the
results from the CV and chopped-light LSV traces presented
above.
Samples for GC analysis were taken directly from the cell

headspace and analyzed (see Supporting Information for
details). Remarkably, the GC traces after both CAs, at −1.3 V
and −1.7 V vs Ag/AgCl, showed no signs of any CO2
reduction product, and hydrogen was identified as the sole
product with a faradaic efficiency of close to 100% at both
applied potentials (Figure 5b; 101 ± 7% at −1.3 V, and 91 ±

18% at −1.7 V vs Ag/AgCl, see Supporting Information for
further information).
To further ensure that the catalytic activity and the evolution

of H2 indeed are driven by the MOF, electrolysis was
conducted with a bare silicon sample as the WE. The
measured current during both CV and CA was significantly
lower than for the MOF@Si sample, as summarized in Table
S4, confirming the catalytic effect of the MOF layer. For
example, the charge that was passed through the cell at an
applied potential of −1.3 V vs Ag/AgCl under illumination was
more than 30 times higher for the MOF@Si photoelectrode
compared to that of the bare Si electrode.
To investigate the silicon SC’s capability to decrease the

energy requirement for the hydrogen production, the photo-
electrochemical data on Al2(OH)2CoTCPP@Si can be
compared to those of Al2(OH)2CoTCPP@ITO. ITO is a
conducting substrate that injects electrons into the MOF layer
at the appropriate applied potential. Al2(OH)2CoTCPP was
grown on ITO in the same way as on p-type Si (see
Experimental Details). The contribution of the photovoltage
within the Al2(OH)2CoTCPP@Si composite can be clearly
seen in Figure S7b. The onset potential for HER at the
illuminated Si occurs at −0.77 V versus Ag/AgCl, which is
anodically shifted compared to that on ITO in the dark.
Comparing the two CV traces, a photovoltage of 320 mV was
determined at −25 μA cm−2 (Figure S7b). With a pH of the
CO2-saturated 0.5 M KHCO3 electrolyte solution of 7.78, the
onset potential for HER at −0.77 V versus Ag/AgCl
corresponds to −0.11 V versus the reversible hydrogen
electrode (RHE). As the theoretical potential of the HER is
at 0 V vs RHE, the Al2(OH)2CoTCPP@Si composite allows
for hydrogen evolution to occur at almost no overpotential.

Al2(OH)2CoTCPP@Si Stability. Additional to the informa-
tion about the stability of the system that was gained through
CA, the Al2(OH)2CoTCPP@Si photoelectrode was analyzed
by SEM and XPS after the presented PEC measurements (CV

Figure 4. Linear sweep voltammograms of an Al2(OH)2CoTCPP
MOF grown on p-type silicon either under full light exposure (black)
or under chopped-light conditions (red) where the sample was
alternately exposed to light and dark conditions (gray areas) with an
interval of 5 s. Parameters: CO2 atmosphere; 0.5 M KHCO3;
illumination 100 mW cm−2; and scan rate 10 mV s−1. Potential
scanned from −0.1 V until −1.9 V vs Ag/AgCl.

Figure 5. (a) Chronoamperograms of an Al2(OH)2CoTCPP MOF
grown on p-type silicon at constant potentials of −1.3 V (black) and
−1.7 V (red) vs Ag/AgCl. Conditioning of the electrodes occurs in
the beginning of the runs (purple region). Fluctuating current
densities are due to formation (blue arrows) and dislodging (orange
arrows) of gas bubbles. Parameters: CO2 atmosphere; 0.5 M KHCO3;
illumination 100 mW cm−2; and collecting a data point every 1 s. (b)
Product quantification measured by gas chromatography after
chronoamperometry at −1.3 V and −1.7 V vs Ag/AgCl.
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and CA) to evaluate its stability under the applied catalytic
conditions. Given by the setup of the employed cell during
PEC experiments, a single sample can be used to analyze the
before and after, as not the whole surface of the wafer is
exposed to the electrolyte. The comparison of the SEM images
of an Al2(OH)2CoTCPP@Si composite before (Figure S3a)
and after (Figure S3b) being exposed to PEC conditions shows
that the crystallinity remains largely unchanged. The
Al2(OH)2CoTCPP@Si composite after PEC was further
investigated by XPS to verify the integrity of the porphyrin
l i n k e r . The XPS sp e c t r a (F i g u r e 6 a ) o f a n

Al2(OH)2CoTCPP@Si sample before (black) and after
(red) PEC both show the expected peaks for Co, N, and Al.
Additionally, signals for silicon are identified in the sample
after PEC measurements. As XPS is a surface-sensitive method
that only registers photoelectrons from the top few nm of the
sample,48 a silicon signal indicates pit holes in the MOF thin
film. This is in line with the observations from SEM that show
a less densely covered surface after PEC (Figure S3b). The N/
Co ratio of the as-synthesized Al2(OH)2CoTCPP@Si sample
was calculated to be 4.08 (Table S3), which fits the expected
ratio of 4.00. After PEC measurements, this ratio changed to

5.39 (Table S3), which indicates a certain degree of leakage of
Co from the porphyrin pocket. Co leakage could be further
verified by high-resolution XPS: While the Co 2p region after
PEC (Figure S4c) looks unchanged compared to before PEC
(Figure S4a), the N 1s region after PEC (Figure 6b) reveals a
broadened peak, indicating the presence of multiple chemical
environments in contrast to the single environment observed
before PEC (Figure S4b). Peak fitting identifies three different
chemical environments: the expected N−Co at 398.8 eV
(purple), as well as two peaks from the free-base porphyrin
H2TCPP. The pyrrolic N (−NH−) is found at 400.2 eV
(blue), while the pyridinic N (−N�) appears at 398.3 eV
(red).45

■ CONCLUSIONS
This study presents the successful synthesis of the stable and
porous porphyrinic MOF, Al2(OH)2CoTCPP, on a silicon SC
substrate and demonstrates the application of the MOF@Si
composite for photoelectrochemical hydrogen production.
While MOFs with metalloporphyrin linkers have previously
been investigated for both HER25 and CO2RR,

26 this work
demonstrates that the Al2(OH)2CoTCPP@Si composite is
selectively reducing H+ to H2 in aqueous conditions. The
MOF@Si photoelectrode exhibits a current enhancement of
up to 30 times during CA at −1.3 V versus Ag/AgCl, which is
attributed to the catalytic production of H2 with a FE of close
to 100%. Initial CV experiments reveal an electrochemical
conditioning effect that was mirrored also by CA. The
comparison of CVs of MOF@Si to MOF@ITO shows that
the energy requirement to drive the HER with the
Al2(OH)2CoTCPP@Si system under illumination is decreased
by 320 mV compared to that of a dark electrode. At a pH of
7.78, this leads to an onset potential for catalysis of −0.11 V
versus RHE, performing HER at close to zero overpotential.
The MOF@SC construct remains stable after being exposed to
PEC conditions over hours, which was demonstrated by
postelectrolysis analyses by XPS and SEM.
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