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ABSTRACT: InN/InGaN quantum dots (QDs) are introduced as an efficient
photoanode for a novel abiotic one-compartment photofuel cell (PFC) with a Pt
cathode and glucose as a biofuel. Due to the high catalytic activity and selectivity of the
InN/InGaN QDs toward oxidation reactions, the PFC operates without a membrane
under physiologically mild conditions at medium to low glucose concentrations with a
noble-metal-free photoanode. A relatively high short-circuit photocurrent density of
0.56 mA/cm2 and a peak output power density of 0.22 mW/cm2 are achieved under 1
sun illumination for a 0.1 M glucose concentration with optimized InN/InGaN QDs of
the right size. The super-linear dependence of the short-circuit photocurrent density and
the output power density as a function of the logarithmic glucose concentration makes
the PFC well suited for sensing, covering the 4−6 mM range of glucose concentration in
blood under normal conditions with good selectivity. No degradation of the PFC
operation over time is observed.

1. INTRODUCTION
Fuel cells (FCs) directly convert the chemical energy of a fuel
to electrical energy by electrochemical reactions. Regarding
biofuels, glucose is an ideal choice. Glucose is cheap, abundant,
non-toxic, non-volatile, non-explosive, and easy to store.
Furthermore, glucose is naturally contained in agricultural
waste and food waste for direct use,1 and also in blood or
serum to power medical implants.2,3 As a prerequisite, glucose
FCs work at room temperature. Among the various types of
biofuel cells, such as enzymatic, microbial, and abiotic FCs,
abiotic FCs are by far most robust, have long lifetimes, and are
easy to use. They commonly employ costly noble metal
electrocatalysts for the oxidation reaction at the anode, which
are easily poisoned, while noble-metal-free cathodes are readily
available.4,5 For noble-metal-free anodes, very strong alkaline
electrolytes and high glucose concentrations are usually needed
to generate sufficient output power.6,7 Additionally, often ion-
exchange membranes in two-compartment FCs are employed
to enhance the selectivity toward glucose oxidation at the
anode and the reduction of O2 at the cathode in air-saturated
electrolytes. This increases the complexity, cost, volume,
weight, and maintenance efforts. To make full use of glucose
FCs, it is necessary to devise innovative electrodes that
produce reasonable output power under mild, near-neutral
conditions and for moderate glucose concentrations, occurring
in nature.8 Expensive noble metals and membranes need to be
avoided.9,10

Among abiotic biofuel cells, photofuel cells (PFCs) are an
advanced development in the FC technology which potentially
provide high photocurrent and output power due to the input
of light at the semiconductor photoelectrodes.11−17 Here, we

introduce an InN/InGaN quantum dot (QD) photoanode for
realizing an abiotic, one-compartment PFC with a Pt cathode
and glucose as a biofuel. The PFC operates under
physiological, mild conditions with suitable photocurrent and
output power for medium to low glucose concentrations. A
short-circuit photocurrent density of 0.56 mA/cm2 and a peak
output power density of 0.22 mW/cm2 under 1 sun
illumination for a 0.1 M glucose concentration are achieved.
A wide glucose concentration range down to 10−4 M is
explored for biosensing applications covering the physiological
range of 4−6 mM in blood under normal conditions with good
selectivity and stability.
InGaN is excellently suited for photoelectrochemical

devices. The direct band gap of InGaN is tunable over the
whole visible spectrum by the In content. InGaN has a high
absorption coefficient and is non-toxic and chemically very
stable. The InN QDs are formed in the Stranski−Krastanov
growth mode by plasma-assisted molecular beam epitaxy (PA-
MBE).18 Due to their unique surface and quantum properties,
the InN QDs act as an efficient catalyst for oxidation
reactions,19−21 which has been previously exploited for solar
hydrogen generation by water splitting.22−24 The high catalytic
activity is evident from the comparison with a bare InGaN
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layer, a thin, two-dimensional InN wetting layer, and large,
coalesced InN QDs. They all exhibit significantly lower
photocurrent and output power. Due to the high catalytic
activity of the InN QDs and the operation under light, other
foreign co-catalysts are not needed. Moreover, the high
catalytic activity of the InN QDs toward oxidation reactions
allows for one-compartment PFCs without ion-exchange
membranes.
In the following, we will first report the structural properties

of the investigated structures, the bare InGaN layer, the 0.5
ML InN/InGaN layer, and the 1.5 and 3 ML InN/InGaN QDs
and then the study done for a maximized PFC response. Then,
we will focus on the glucose concentration-dependent PFC
performance of the optimum InN/InGaN QDs for glucose
sensing based on the glucose concentration-dependent photo-
current and output power, also addressing sensor selectivity
and stability, and finally conclude the paper.

2. RESULTS AND DISCUSSION
2.1. Characterization of InN/InGaN QDs. Figure 1

shows schematic drawings of (a) the experimental setup with

the abiotic, one-compartment glucose PFC, the InN/InGaN
QD photoanode, and the Pt cathode, together with (b) the

detailed sample structure and the photoelectrochemical
oxidation of glucose.
In Figure 2a−d, the scanning electron microscopy (SEM)

top views of the (a) bare InGaN layer, (b) 0.5 ML InN/InGaN
layer, (c) 1.5 ML InN/InGaN QDs, and (d) 3 ML InN/
InGaN QDs are shown. Atomic force microscopy (AFM)
images are shown in Supporting Information Figure S1,
together with cross-sectional SEM images, confirming compact
InGaN layers with a 150 nm thickness. For the bare InGaN
layer, columnar features are visible on the flat surface. The 0.5
ML InN layer grown on the InGaN layer is mostly flat, without
evident columns. For 1.5 and 3 ML InN, QDs evolve. This
evidences that the InN QDs are formed in the Stranski−
Krastanov growth mode. The 0.5 ML InN layer exhibits very
sparse dot-like features, indicating the onset of QD nucleation.
The InN QDs for 1.5 ML InN are well defined and separated
with a round shape, while for 3 ML InN, the QDs are larger
and many QDs tend to coalesce. The well-separated 1.5 ML
InN QDs have an average height of 3.1 nm, an average
diameter of 24 nm, and a density of 3.5 × 1010 cm−2. The 3
ML InN QDs have an average height of 4.2 nm, an average
diameter of 26 nm, and a density of 3.8 × 1010 cm−2. The In
content of the InGaN layers is 45%, determined from X-ray
diffraction (XRD), shown in Supporting Information Figure
S2. For the InGaN band gap energy, the room-temperature
photoluminescence (PL) measurement, shown in Supporting
Information Figure S3, is considered. The band gap energy
estimated from the PL peak is 1.7 eV. Together with the In
content determined from XRD, this gives a bowing parameter
b of 2.2, which is well within the reported range.25,26

2.2. Photoelectrochemical Characterization for Opti-
mization of InN Deposition. Figure 3 shows (a) the
photocurrent density versus voltage curves or linear sweep
voltammetry (LSV) curves and (b) the deduced output power
density versus voltage curves for the PFC with the bare InGaN
layer, the 0.5 ML InN/InGaN layer, and the 1.5 and 3 ML
InN/InGaN QD photoanodes and a Pt cathode under 1 sun
illumination. The glucose concentration is 0.1 M. The short-
circuit photocurrent density at 0 V increases from 0.35 mA/
cm2 for the bare InGaN layer over 0.41 mA/cm2 for the 0.5
ML InN/InGaN layer to a maximum of 0.56 mA/cm2 for the
1.5 ML InN/InGaN QDs and then strongly decreases to 0.20
mA/cm2 for the 3 ML InN/InGaN QDs. Similarly, the peak
output power density increases from 0.092 mW/cm2 for the
bare InGaN layer over 0.11 mW/cm2 for the 0.5 ML InN/
InGaN layer to a maximum of 0.22 mW/cm2 for the 1.5 ML
InN/InGaN QDs and then strongly decreases to 0.078 mW/
cm2 for the 3 ML InN/InGaN QDs. The maximum output
power density for the 1.5 ML InN/InGaN QD photoanode is
very competitive for an abiotic, one-compartment glucose PFC
operating under mild conditions and medium glucose

Figure 1. Schematic drawings of the (a) experimental setup and (b)
sample structure.

Figure 2. SEM top views of the (a) bare InGaN layer, (b) 0.5 ML InN/InGaN layer, (c) 1.5 ML InN/InGaN QDs, and (d) 3 ML InN/InGaN
QDs.
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concentrations and with a noble metal-free photoanode, see
refs 11−17 and the tables in ref 1. In the dark, the current
densities and output power densities are very small, at least 3
orders of magnitude smaller than those under illumination. For
glucose, there is no significant FC operation in the dark.
Glucose is not that easily oxidized in the dark by the InN/
InGaN QDs as H2O2 by InGaN nanowires (NWs).27

The dependence of the photocurrent density and output
power density on the structural parameters of the InN/InGaN
photoanodes is a direct consequence of the catalytic activity of
the QDs. The catalytic activity of the QDs originates from their
outward pointing electric dipole,28 attracting electrons to
enhance the oxidation reaction of the target reactant in the
electrolyte. The electric dipole is generated by the high density
of intrinsic, positively charged surface donors on the c-plane
InN QDs, together with the zero-dimensional quantum
confinement of electrons in the QDs.19 The density of
positively charged surface donors reaches 2 to 3 × 1013

cm−2. Due to the limited number of atomic-like, bound
electron states in the QDs, not sufficient electrons can enter
the QDs to screen all surface donors. A large fraction of
electrons is expelled from the QDs to the underlying InGaN
layer. These expelled electrons together with the unscreened
surface donors generate the outward electric dipole. The
magnitude of the electric dipole potential accounts for the
catalytic activity, that is, the reduction of the activation energy
barrier for the oxidation reaction. The magnitude of the
electric dipole potential critically depends on the QD size and
shape, governing the electron distribution inside and outside of
the QDs. This electron distribution is also in origin of the
super-Nernstian response of the InN/InGaN QDs in
potentiometric ion sensing and biosensing.29,30

For small QDs with a small height, the expelled electrons are
not separated far from the surface donors. The dipole potential
is small, and the catalytic activity is low. The same holds for
thickness fluctuations of thin InN layers, representing shallow
QDs, such as for the 0.5 ML InN/InGaN layer.28 For large
QDs such as for the 3 ML InN/InGaN QDs, the number of
bound electron states is increased, even more when the QDs
coalesce toward a thick InN layer. More electrons enter the
QDs to screen the surface donors. The dipole potential is

small, and the catalytic activity is low. The well-separated 1.5
ML InN/InGaN QDs have the right size for an optimum
electron distribution inside and outside of the QDs. A large
electric dipole potential is generated, and the catalytic activity
is high. The bare InGaN layer with 45% In content exhibits
only a small density of surface donors providing a low catalytic
activity. 45% In content is close to the transition from
positively charged surface donors to negatively charged surface
acceptors for c-plane InGaN with decreasing In content. The
transition is reported for In contents of 30−40%.31−34
For all InN/InGaN photoanodes, the open-circuit cell

voltage at zero current is large. This is similarly attributed to
the high density of positively charged surface donors of c-plane
InN and the QD electric dipole. They drag down the energy
positions of the band edges at the surface to further reduce the
already low oxidation potential of InGaN. This increases the
potential difference with the reduction potential of the Pt
cathode, which determines the open-circuit cell voltage,
together with the photovoltage. To this end, we compare the
performance of a PFC with an Ag cathode, which might have a
higher reduction potential, such as for the reduction of H2O2.

27

The Ag cathode, however, produces a lower photocurrent
density and a lower output power density, as shown in
Supporting Information Figure S4. The open-circuit cell
voltage for the Ag cathode is comparable to that for the Pt
cathode. This implies that Pt is the better catalyst for the O2
reduction reaction, with at most a small reduction of the open-
circuit cell voltage in conjunction with the c-plane InN/InGaN
photoanodes. Regarding the inefficient FC operation for the
InN/InGaN anodes in the dark, the low energy positions of the
band edges at the surface imply a large energy barrier in the
InN/InGaN anode for electrons transferred from the
reductants in the electrolyte.
For completeness, the InN/InGaN photoanodes are

characterized alone in three-electrode measurements against
a Ag/AgCl reference electrode. This is, actually, of limited
relevance for the operation of the PFC, which critically
depends on the interplay of the photoanode with the cathode
regarding catalytic activity, selectivity of the oxidation and
reduction reactions, and the energy positions of the oxidation
and reduction potentials. Supporting Information Figure S5a

Figure 3. (a) Photocurrent density vs voltage curves and (b) deduced output power density vs voltage curves for the PFC with the bare InGaN
layer, 0.5 ML InN/InGaN layer, and 1.5 and 3 ML InN/InGaN QD photoanodes and the Pt cathode under 1 sun illumination. The glucose
concentration is 0.1 M.
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presents the cyclic voltammetry (CV) measurements for the
bare InGaN layer, the 0.5 ML InN/InGaN layer, and the 1.5
and 3 ML InN/InGaN QDs under 1 sun illumination. The
glucose concentration is 0.1 M. Due to the complex oxidation
behavior of glucose with many possible intermediates and
oxidation products from gluconic acid to, in principle, CO2, the
overall currents are usually increased in CV upon addition of
glucose to the electrolyte without clear appearance and
assignment of reaction peaks. We observe this too in
Supporting Information Figure S5b, showing the CV curves
for the 1.5 ML InN/InGaN QDs under 1 sun illumination
without glucose and with 0.1 M glucose. A broad oxidation
current peak appears around −0.4 V with onset around −0.9 V.
The trend of the photocurrent density for the different
photoanodes in CV reproduces the trend of the photocurrent
density for the two-electrode photocurrent density versus
voltage measurements in Figure 3.
2.3. Characterization of the Abiotic Glucose PFC and

the Sensor with Optimized InN/InGaN QDs. Figure 4
depicts (a) the photocurrent density versus voltage curves and
(b) the deduced output power density versus voltage curves for

the PFC with the 1.5 ML InN/InGaN QD photoanode and Pt
cathode under 1 sun illumination. The glucose concentration is
varied from 10−4 to 0.1 M. The photocurrent density without
glucose for the background electrolyte alone is due to
photoelectrochemical water splitting, which is an unavoidable
side reaction for the glucose PFC with the aqueous electrolyte
solution. The increase of the photocurrent density and of the
output power density with glucose concentration unambigu-
ously proves that the photoelectrochemical oxidation of
glucose produces the increasing photocurrent and output
power of the PFC. This is possible because of the high
selectivity of the InN/InGaN QDs toward oxidation reactions
and a remarkable O2 tolerance in the air-saturated electrolyte
solution.
The short-circuit photocurrent density at 0 V and the peak

output power density increase super-linearly with the
logarithm of the glucose concentration. This is well-suited
for the use of the PFC as a glucose sensor, covering the
physiologically relevant range of the normal blood glucose
concentration of 4−6 mM as well as health-threatening
deviations of hypoglycemia below a 4 mM glucose

Figure 4. (a) Photocurrent density vs voltage curves and (b) deduced output power density vs voltage curves for the PFC with the 1.5 ML InN/
InGaN QD photoanode and the Pt cathode under 1 sun illumination. The glucose concentration is varied from 0 to 0.1 M.

Figure 5. (a) Photocurrent density and (b) power density for the PFC with the 1.5 ML InN/InGaN QD photoanode and the Pt cathode under 1
sun illumination for 5 mM glucose, 5 mM glucose plus 0.3 mM UA, and 5 mM glucose plus 0.02 mM AA.
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concentration and hyperglycemia above a 10 mM glucose
concentration.
2.4. Selectivity and Stability of the Sensor. To evaluate

the selectivity of the glucose PFC sensor with the 1.5 ML InN/
InGaN QD photoanode and Pt cathode, uric acid (UA) and
ascorbic acid (AA) are added to the glucose solution. UA and
AA are common interferents in blood. All concentrations are in
the physiological, healthy range: 5 mM for glucose, 0.3 mM for
UA, and 0.02 mM for AA. Figure 5 shows (a) the photocurrent
densities and (b) the output power densities under 1 sun
illumination. There are no significant changes upon addition of
the interferents, neither for the short-circuit photocurrent
density nor for the peak output power density nor for the
open-circuit cell voltage. The PFC sensor exhibits very good
selectivity toward the detection of glucose. As sensing readout,
the short-circuit photocurrent density is recommended for the
most easy operation.
To address the reproducibility and stability of the PFC with

the 1.5 ML InN/InGaN QD photoanode and Pt cathode,
Figure 6a shows current density versus time measurements
under chopped 10 s on/10 s off 1 sun illumination. The
glucose concentration is varied from 10−4 to 0.1 M. The
current density without glucose for the background electrolyte
alone is also shown. The voltage is set to −0.4 V versus the Pt
cathode in the range of the oxidation current peaks in the CV
measurements. The photocurrent response is fast, and the
repetitions are very stable. The current spikes after switching
on the light are typical for accumulation of charge which can
arise due to slow or diffusion-limited reactions. We attribute
the spikes to a diffusion-limited reaction. This is very well
founded by comparing the diffusion coefficient of glucose in
water with the diffusion coefficients of other common species:
the diffusion coefficients in water are (0.6, 2, and 5) × 103

μm2/s for glucose, O2, and H2, respectively. The diffusion
limited reaction is best underlined by the low photocurrent in
our final measurement, see Figure 6b, demonstrating the good
long-time stability of the PFC with the 1.5 ML InN/InGaN
QD photoanode and Pt cathode under continuous 1 sun
illumination.

Figure 6b shows the photocurrent density as a function of
time at 0 V versus the Pt cathode. The glucose concentration is
0.1 M. After the strong decrease of the photocurrent density
within the first 200 s due to glucose depletion, a stable
reaction-diffusion equilibrium is reached. The photocurrent
does not show any indication of long-time degradation. The
photocurrent density rather slightly increases for the present
measurement up to 4000 s. This is likely caused by slow
warming up and water evaporation, eventually increasing the
glucose concentration of the electrolyte solution under
continuous illumination by the sun simulator. The initial
strong depletion of glucose and long-time drift can be avoided
by a better electrochemical cell design with permanent flow of
a fresh solution to the electrodes.

3. CONCLUSIONS
An InN/InGaN QD abiotic, one-compartment glucose PFC
has been demonstrated. The high catalytic activity and
selectivity of the noble metal-free InN/InGaN QD photoanode
toward oxidation reactions, together with a Pt cathode, allowed
for operation of the PFC without an ion-exchange membrane
under mild, close to pH neutral conditions for medium to low
glucose concentrations. For an optimized InN/InGaN QD
size, a relatively high short-circuit photocurrent density of 0.56
mA/cm2 and a peak output power density of 0.22 mW/cm2

were achieved under 1 sun illumination for a 0.1 M glucose
concentration. The dependence of the photocurrent density
and output power density on the logarithm of the glucose
concentration was super-linear over a wide range, making the
PFC well suited for sensing, covering the physiologically
relevant 4−6 mM range of the glucose concentration in blood
under normal conditions with good selectivity. The PFC
operated very stable over time without degradation.

4. EXPERIMENTAL DETAILS
4.1. Growth. The InN/InGaN QDs, flat InN/InGaN, and

bare InGaN layer were grown on GaN/sapphire substrates by
PA-MBE. Active N was supplied by a radio-frequency (RF)
plasma source. After loading into the MBE buffer chamber, the
substrates were degassed for 30 min at 200 °C and transferred

Figure 6. (a) Current density vs time transients under chopped 10 s on/10 s off 1 sun illumination for the PFC with the 1.5 ML InN/InGaN QD
photoanode at −0.4 V vs the Pt cathode. The glucose concentration is varied from 0 to 0.1 M. (b) Photocurrent density as a function of time under
continuous 1 sun illumination for the PFC with the 1.5 ML InN/InGaN QD photoanode at 0 V vs the Pt cathode. The glucose concentration is 0.1
M.
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into the MBE growth chamber. For growth of the InGaN
layers, the growth rate was 0.2 μm/h and the active N flux was
close to stoichiometric, slightly N-rich conditions. The RF
power of the N plasma source was 220 W, and the N2 flow rate
was 1.2 standard cubic centimeters per minute (sccm). The
growth temperature was 620 °C (thermocouple reading), close
to the InGaN decomposition temperature. The InGaN layer
thickness was 150 nm. On the InGaN layers, 0.5, 1.5, and 3
monolayer (ML) InN were grown in different samples at the
same temperature and active N flux without growth
interruption. A bare InGaN layer was kept for comparison.
4.2. Characterization. The surface morphology and cross-

section of the samples were characterized by SEM and AFM.
The In content of the InGaN layers was determined by
omega2θ XRD. PL measurements were performed at room
temperature. The 532 nm line of a Nd:YAG laser with a 100
mW excitation power served as an excitation source. The PL
was dispersed by a single monochromator and detected by a Si
charged-coupled device.
4.3. Electrode. For fabrication of the electrodes, the In−Ga

eutectic was coated in a corner on the sample surface to form
an Ohmic front contact. The In−Ga eutectic was connected to
a conductive adhesive Cu tape on which the sample was glued
and fixed on a supporting glass plate. The sample was covered
with non-transparent silicone rubber, leaving an opening for
the contact with the electrolyte with an area of around 0.04
cm2.
4.4. PFC Evaluation. The abiotic, one-compartment

glucose PFCs with air-saturated 0.5 M Na2SO4 plus 0.1 M
PBS aqueous electrolyte (pH 7.4) were evaluated in the two-
electrode configuration with the InN/InGaN and InGaN
samples as the working electrode and a Pt counter electrode,
connected to an electrochemical workstation. A silver wire was
also tested as a counter electrode. The glucose concentration
was varied from 0 (background electrolyte) to 0.1 M. LSV
measurements were conducted between 0 and 1 V (referring to
the counter electrode) with a scan rate of 10 mV/s in the dark
and light with 1 sun, 100 mW/cm2 AM 1.5 simulated sunlight.
The InN/InGaN and InGaN working electrodes were also
characterized alone in the three-electrode configuration using
an additional KCl-saturated Ag/AgCl reference electrode,
together with the Pt counter electrode. CV measurements were
performed for a 0.1 M glucose concentration in the dark and
under 1 sun illumination. For CV, the scan rate was 50 mV/s
and the voltage range was from −1 to 0.5 V versus Ag/AgCl.
Selectivity measurements of the PFC were conducted by the
addition of UA and AA. Current versus time measurements of
the PFC were carried out at −0.4 V versus the Pt counter
electrode under chopped 1 sun illumination. Long-time
photocurrent stability measurements of the PFC at 0 V
under continuous 1 sun illumination completed the character-
ization. All measurements were conducted at room temper-
ature.
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