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ABSTRACT: Artificial photosynthesis offers a
route to produce clean fuel energy. However,
the  large  thermodynamic  requirement  for
water splitting along with the corresponding
sluggish  kinetics  for  the  oxygen  evolution
reaction  (OER)  limit  its  current  practical
application.  Here,  we  offer  an  alternative
approach by replacing OER with the glycerol
oxidation  reaction  (GOR)  for  value  added
chemicals.  By  using  a  Si  photoanode,  low
GOR onset potentials of -0.05 V vs. RHE and
photocurrent densities of 10 mA/cm2 at 0.5 V
vs. RHE can be reached. Coupled with a Si
nanowire  photocathode  for  the  hydrogen
evolution  reaction  (HER),  the  integrated
system yields high photocurrent densities of
6 mA/cm2 with no applied bias under 1 sun
illumination  and  can  run  for  over  4  days
under  diurnal  illumination.  The
demonstration  of  the  GOR-HER  integrated
system provides a framework for designing
bias-free  photoelectrochemical  devices  at
appreciable currents, and establishes a facile
approach toward artificial photosynthesis.

Finding sustainable and renewable energy
is  currently  one  of  the  most  urgent
challenges  facing  society  today.1–3 With  the
sun providing 173 PW to the Earth’s surface
every year, or enough energy in one hour to
match  the  world’s  yearly  energy
consumption4, artificial photosynthesis offers

an attractive route to using solar energy to
produce  fuels  such  as  hydrogen,  a
fundamental  component  for  building  a
carbon-free economy.2,5,6 One such approach
to  realize  artificial  photosynthesis  is
presented  through  the  photochemical
diode.7,8 Photoanodes  and  photocathodes
can be integrated through an ohmic contact,
coupling  both  oxidative  and  reductive  half-
reactions in a single device.9–11 Conventional
approaches  targeted  optimizing  the  overall
water  splitting  (OWS)  reaction  in  which
hydrogen and oxygen is produced. However,
the  sluggish  kinetics  of  OER  and  the  high
thermodynamic  potential  requirement  of
1.23 V for OWS limit the current performance
of  bias-free  photoelectrochemical  (PEC)
systems to ~3.5 mA/cm2.12,13 Given that 90%
of  the  overall  energy  requirements  come
from  OER,14 alternative  oxidative  reactions
could enable more efficient PEC systems.

As  one  such  strategy,  the  oxidation  of
biomass-derived,  organic  compounds  has
been  proposed  as  an  alternative  to  OER.
These oxidative reactions have low potential
requirements  (<  0.3  V  vs  RHE),  showing
potential  reductions  up  to  ~1  V  in
electrochemical cells when replacing OER.14,15

Of such compounds, glycerol,  the main by-
product from biodiesel  production, can also
electrochemically produce products such as
glyceraldehyde  (GLD),  dihydroxyacetone
(DHA),  glyceric  acid  (GLA),  and  lactic  acid
(LA), which are widely used in the cosmetics,



pharmaceutical,  and  food  industries14,16–22

The  value  of  its  products  and  its  low
potential  requirement  makes the  glycerol
oxidation  reaction  (GOR)  an  attractive
pursuit.

The  lower  potential  requirement  of  GOR
also  opens  up  the  avenue  for  lower
photovoltage materials in the photochemical
diode  design.  Figure  1a shows  the  redox
potentials of HER, OER, and GOR, as well as
the  band  diagram  of  typically  used
photoelectrodes such as Si, TiO2 and BiVO4.
For OWS, the redox potential of OER as well
as  the  1.23  V  potential  requirement  often
meant  that  metal  oxides  were  favored  as
photoanode  materials  due  to  their  wide
bandgaps supplying >1 eV of photovoltage
and ability to stack on top of small bandgap
materials.9,10,23 However,  maximum
photocurrents  for  wide  bandgap  materials
are limited, TiO2 and BiVO4 supplying 2 and 5
mA/cm2 respectively (Figure 1b).23–26 

Compared to OWS, GOR coupled with HER
reduces  the  energy  requirement  by  700-
1000  mV  allowing  for  smaller  bandgap
materials  with  larger  photocurrents  to  be
used (Figure 1b).27,28 Additionally, selectivity
can be steered by choosing a semiconductor
material  like  Si  where  the  valence  band
maximum  (VBM)  lies  in  between  the
potentials for GOR and OER, preventing any
holes from being used for OER. In this design
framework, a selective bias-free device can
be achieved by coupling a medium bandgap
material  such  as  silicon  with  a  low  onset
potential catalyst for GOR.

Figure 1. Schematic illustration of using GOR as
an alternative to OER within a photochemical
diode  system.  (a)  Energy  band  diagram  of
photoelectrodes  for  HER,  OER  and  GOR.  The
photogenerated  electrons  in  photocathode
perform HER while the holes in the photoanode
perform  GOR  and/or  OER.  Concomitantly,
majority  carriers  recombine  at  the  ohmic
contact.  (b)  Current-voltage  curves  of
electrochemical  (EC) and PEC HER,  GOR, and
OER. Predicted operating photocurrent density
of  bias-free systems are shown for  PEC HER-
GOR (Jop, PEC HER-GOR) and HER-OER (Jop, PEC HER-OER).

Prior to photoelectrochemical experiments,
it is necessary to find a suitable catalyst with
low  onset  potentials  toward  GOR.  Pt,
commonly used for alcohol oxidation, shows
a  low  onset  potential  of  0.5  V  vs  RHE
(Figure 2a) with a peak at 0.84 V vs. RHE.
However,  Pt  becomes  readily  poisoned  by
CO-like intermediates16, dropping the current
from 10 to 1 mA/cm2 at 0.84 V vs. RHE within
a few minutes (Figure 2b, S1). On the other
hand,  Au  has  a  low binding  energy  to  CO
which  prevents  CO  poisoning  and  can
maintain  high  current  densities  for  GOR
(Figure  2b,  S1).16 However,  Au  shows
significantly  larger  overpotentials  with  an
onset of over 0.9 V vs. RHE. The limitations



of  both  materials  can  be  mitigated  by
combining  the  advantages  of  Pt  and  Au
synergistically.  Using  a  co-sputtered  PtAu
thin film, the onset potential toward GOR is
0.4 V vs. RHE, which is 1 V lower than state-
of-the-art  catalysts  for  OER  (Figure  2a).
PtAu  shows  enhanced  current  densities  at
low potentials, and a steady state current of
10 mA/cm2 at 0.84 V vs. RHE (Figure 2a, b
and Figure S1). It also shows both peaks at
0.84 and 1.3 V vs. RHE, this being shifted to
higher  potentials  possibly  by  its  bimetallic
nature  offering  oxide  resistance,29 that
indicates  the  synergistic  effects  between
both metals. 

Figure  2.  Electrocatalytic  performances  of  Pt,
Au,  and  PtAu.  (a)  Linear  sweep  voltammetry
(LSV)  scans of  Pt,  Au,  and PtAu.  Inset is  the
zoomed-in LSV scans. (b) Steady state current
densities  of  Pt,  Au,  and  PtAu  at  different
potentials. Experiments done in 1 M KOH + 1 M
glycerol.

For PEC measurements, 4 nm of PtAu was
sputtered onto a TiO2 protected p+n-Si wafer
(Figure 3a, S2).  TiO2 is  a commonly used
passivation  layer  to  protect  the  silicon
surface  from  corrosive  alkaline
environments.30 The  surface  p+ layer  is
formed to increase the photovoltage and to
enhance  the  band  bending  near  the
semiconductor  surface.31,32 A  thin  catalyst
layer is also required due to the front wet-
side illumination geometry. 4 nm is found to
be the optimized thickness of PtAu as thinner
layers show reduced performance which can
be  attributed  to  a  decreased  amount  of
active catalyst  while  thicker layers  start  to
decrease  photocurrents  by  reflecting  a
significant  portion  of  light  (Figure  S3).
Figure 3b shows the PEC GOR performance
of the PtAu/TiO2/p+n-Si (referred to as PtAu/Si
onwards) photoanode under 100 mW/cm2 of
air mass (AM) 1.5 simulated sunlight in 1 M
KOH + 1 M glycerol. The onset potential is
around  -0.05  V  vs.  RHE  and  reaches  10
mA/cm2 at a potential of 0.5 V vs. RHE which

is  the  lowest  overpotential  and  highest
current density reported for PEC GOR (Table
S1). A strongly alkaline solution causes the
first deprotonation step to be base catalyzed
due to glycerol (pKa of ~14) acting as a weak
acid.  The  deprotonated  species  has  been
found  to  be  significantly  more  reactive33

which  is  corroborated  by  our  experiments
using neutral and acidic electrolytes (Figure
S4). 

The product distribution of PtAu/Si is shown
in  Figure 3c.  At 0.34 V vs. RHE, the main
products that are produced are GLA with a
faradaic efficiency (FE) of 48.1   2.3% and
LA with FE of 27.3  2.8% with total products
reaching around an FEtotal of ~80%. The rest
likely  comes from additional  products  such
as tartronic acid and carbonate (coming from
the oxidation  of  formic  acid34)  that  are not
analyzable  through  1H  NMR.  Additionally,
both DHA and GLD rearranges itself to LA in
alkaline electrolytes35 (Figure S5) making it
difficult  to differentiate production of  these
compounds  versus  LA.  The  product
distribution is similar to previously reported
electrochemical  GOR  results  using  PtAu
catalyst  under  similar  conditions.36 PEC
control  experiments  (Figure  S6)  indicate
almost  no  photocurrent,  indicating  that
glycerol  is  being  oxidized  on  the  PtAu
surface.

Figure 3. Photoelectrochemical performance of
the PtAu/Si  photoanode. (a) Schematic of the
PtAu/Si photoanode showing dopant layer and
electron-hole  separation.  (b)  LSV  scans  of
photoanode  under  chopped,  continuous,  and
no illumination in 1 M KOH + 1 M glycerol. (c)
Selectivity  of  PEC  GOR  using  PtAu/Si
photoanode  at  0.34  V  vs.  RHE  under
illumination.  Error  bars  are  from  three
independent  measurements.  Inset  is  the



zoomed-in  selectivity  toward  formic  acid  (FA)
and acetic acid (ACA).  (d) LSV scans showing
absolute current density of PtAu/Si photoanode
in  1  M  KOH  +  1  M  glycerol  and  Pt/SiNW
photocathode  in  0.5  M  H2SO4  under  1  sun
illumination. 

As described earlier, metal oxides are often
utilized as photoanodes due to their stability,
wide  bandgap,  large  photovoltages,  and
deep VBM level.  Surprisingly,  despite these
advantages  and  the  reduced  energy
requirement  of  GOR  compared  to  that  of
OER,  past  reports  on  PEC performances  of
GOR  on  these  metal  oxides  are  either
comparable  to  OER  or  have  higher  onset
potentials24–27,37–39,  all  of  which  have  onset
potentials of 200-400 mV more positive than
this current work (Table S1). When using the
same catalyst on TiO2,  the onset potentials
and fill factors remain worse than when Si is
used (Figure S7). One possible reason could
be the poor hole transfer from the VBM to
glycerol due to inadequate band alignment.
The VBM levels of metal oxides such as TiO2

and BiVO4  are 2.7 eV and  2.1 eV vs. NHE,
respectively,40,41 which is 2-2.5 eV below the
redox potential of GOR. On the other hand,
the VBM of silicon with a donor concentration
of 1015 cm-3 is around 0.42 eV vs. NHE which
matches the potential  for  GOR closely  and
also prevents OER from occuring.42,43  

The  low  onset  potential  and  large
photocurrent  density  makes  PtAu/Si  a
suitable  photoanode  candidate  to  form  a
bias-free  integrated  PEC  system.  In  this
demonstration,  we  use  a  Pt/TiO2/n+p-Si
nanowire  array  (referred  to  as  Pt/SiNW
onwards) as the photocathode for HER for its
low  overpotential  and  high  catalytic
performance.31 The photocathode is tested in
0.5  M  H2SO4 using  the  same  illumination
conditions.  Figure 3d shows the overlap of
the  J-V  PEC  linear  scans  of  the  PtAu/Si
photoanode  and  Pt/SiNW  photocathode
where  the  expected  current  at  no  applied
bias  is  seen at  the intersection  of  the two
curves.  The  large  current  density  of  6
mA/cm2 at  the  intersection  suggests  the
feasibility of the bias-free PEC system.

Figure 4. Photoelectrochemical performance of
the  integrated system of  PtAu/Si  photoanode
and Pt/SiNW photocathode in a two-electrode
configuration.  (a)  LSV  scans  under  chopped,
illumination and no  illumination.  (b)  Bias-free
diurnal stability test cycling between 12 hours
illuminated and 12 hours dark. The fluctuation
in  current  density  can  be  attributed  to
generation  of  hydrogen  gas  bubbles  on  the
photocathode surface.

For  the  solar  driven  bias-free  integrated
PEC  system,  the  photoelectrodes  were
placed into a two-chamber cell separated by
a bipolar membrane (BPM) in a two-electrode
configuration  (Scheme  S1).  A  BPM  allows
two  different  pH  environments  to  be  used
since an alkaline environment is optimal for
GOR while an acidic environment is optimal
for  HER.  BPMs  also  reduce  crossover
between  the  electrolytes,  preventing
reduction  of  the  oxidized  products  from
GOR.44,45 The  integrated  system  shows  an
onset  potential  at  around  -1.2  V  and  a
photocurrent density up to 6 mA/ cm2 at zero
applied bias (Figure 4a)  with near unit  H2

selectivity  (Figure  S8),  corresponding  to

112  
μmol H 2

h ∙ cm2 .  This  agrees  well  with  the

expected  photocurrent  density  based  on
Figure  3d showing  that  the  voltage  drop
across the membrane is 0.83 V.46,47 

The  stability  of  this  bias-free  GOR-HER
system was also tested using diurnal cycling
which  mimics  the  natural  sunlight  cycle.
Potential switching due to light cycling often
induces  corrosion  mechanisms  not  seen
under constant illumination conditions such
as  rapid  etching  of  the  semiconductor  or
dissolution  of  the  catalyst.48,49 Our  system
was  able  to  maintain  a  high  photocurrent
density  of  over  4  mA/cm2  for  over  4  days
before gradually dropping to zero in 6 days
(Figure 4b). Under continuous illumination,
the  stability  of  the  integrated  system  is
maintained over  a  similar  total  time range
(Figure  S9).  Refreshing  the  electrolyte
reactivates  the  performance  (Figure  S10)



and X-ray photoelectron spectroscopy shows
minor  changes  in  the  material  other  than
slight  oxidation  of  Pt  (Figure  S11),
suggesting that the deactivation mechanism
is  coming  from  the  consumption  of
electrolyte. A flow-cell  configuration is then
likely to assist the stability.

In  this  study,  we  demonstrated  a
framework  for  pursuing  high  current
densities  for  a  solar-driven  device  using
photoelectrochemical HER coupled with GOR
using  silicon.  By  employing  a  low
overpotential catalyst such as PtAu for GOR,
which shows a low onset potential of 0.4 V
vs.  RHE  electrochemically,  the  voltage
requirements  to  couple  with  HER  become
substantially lowered compared to OWS. As a
result, the PtAu/Si photoanode exhibits a low
onset potential of -0.05 V vs. RHE and can be
coupled  with  Pt/SiNW  photocathode  to
achieve a photocurrent density of 6 mA/cm2

and  stability  for  over  4  days  under  no
applied bias. This was a first demonstration
of  our  concept  of  using  a  photochemical
diode  approach  to  drive  the  reaction  at
appreciable current densities.
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