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Photoelectrochemical (PEC) water splitting for hydrogen production is a promising
technology that uses sunlight and water to produce renewable hydrogen with oxygen as a
by-product. In the expanding field of PEC hydrogen production, the use of standardized
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screening methods and reporting has emerged as a necessity. This article is intended to
provide guidance on key practices in characterization of PEC materials and proper
reporting of efficiencies. Presented here are the definitions of various efficiency values
that pertain to PEC, with an emphasis on the importance of solar-to-hydrogen efficiency,
as well as a flow chart with standard procedures for PEC characterization techniques for
planar photoelectrode materials (i.e., not suspensions of particles) with a focus on single
band gap absorbers. These guidelines serve as a foundation and prelude to a much more
complete and in-depth discussion of PEC techniques and procedures presented elsewhere.

I. INTRODUCTION

The most important technical problem facing humanity
is the development of a long-term, sustainable energy
economy.1 Although we have the technology and suffi-
cient coal reserves to provide the energy needed for
centuries’ worth of population growth and economic de-
velopment, this strategy could come with catastrophic
societal costs.2 Scientific discovery and innovation are
the only means by which to achieve environmentally
sound and cost-effective technologies that will meet
society’s needs of doubling our global energy consump-
tion from the 15 TW we consume today to the !30 TW
that we are projected to demand by the year 2050.2 Solar
photoelectrochemical (PEC) hydrogen production is one
technology that can potentially provide a clean, cost-
effective, and domestically produced energy carrier by
taking advantage of the 120,000 TW of radiation (on
average) that strikes the earth’s surface.2

The concept of PEC water splitting for hydrogen pro-
duction has been discussed for decades and was first
demonstrated in 19723; the world-record solar-to-hydrogen
(STH) efficiency of 12.4% was achieved over a decade
ago, in 1998.4 This technology combines the harvesting of
solar energy and the electrolysis of water into a single
device. When a semiconductor with the right set of proper-
ties is immersed in an aqueous electrolyte and irradiated
with sunlight, the photon energy is converted to electrical
energy, which is directly used to split water into hydrogen
and oxygen (chemical energy). Thus intermittent solar en-
ergy is converted into an inherently more storable form of
energy, that of chemical bonds. A general schematic of a
laboratory photoelectrochemical cell is shown in Fig. 1.

For direct PEC decomposition of water to occur, sev-
eral key criteria must be met simultaneously: the semi-
conductor system must generate sufficient voltage upon
irradiation to split water; the bulk band gap must make
efficient use of the solar spectrum; the band-edge poten-
tials at the surfaces must straddle the hydrogen and oxy-
gen redox potentials; the system must exhibit long-term
stability in aqueous electrolytes; and finally, the charge
transfer from the surface of the semiconductor to the
solution must be selective for water splitting rather than
corrosion and facile enough to reduce energy losses due
to kinetic overpotential. To date, no cost-effective mate-
rial satisfies all of the technical requirements listed

above. Research and development is ongoing to develop
materials with bulk and interfacial characteristics to
meet these criteria; advances in material science and
interfacial electrochemistry are needed.
With over a thousand publications from research

groups worldwide working in the area of photoelectro-
chemistry since the seminal work of Fujishima and
Honda,3 it is clear that not all researchers use the same
methods or definitions when characterizing materials for
the sake of understanding their properties or for deter-
mining water splitting efficiency. This finding makes it
difficult to cross-compare materials and hinders the sci-
entific communication needed to advance the field as
rapidly as possible. This point has become a more press-
ing issue recently because research efforts in this area
have expanded rapidly. As a result, the development of
standardized screening methods and reporting protocols
has emerged as a necessity now more than ever.
Given the significant technical challenges remaining

and the limited resources available to conduct research
and development in this area, PEC researchers and fund-
ing organizations alike need quantified, accurate, and
consistent characterization of results to enable optimal
resource allocation. Widely accepted standard PEC ma-
terial characterization protocols are necessary to help
researchers from different groups report their characteri-
zation of PEC materials in a way that allows for direct
comparison. Worldwide adoption of standardized screen-
ing methods and reporting on all PEC materials will facil-
itate the decision-making process for allocating research
resources toward more promising directions, because such
decisions will be based on more accurate and reliable
information. Quantifying technological barriers and bot-
tlenecks through standardized methods will also prove to
be invaluable in establishing research focus areas and new
directions to address the technological barriers. A com-
mon understanding of the materials, along with the ability
to screen materials quickly while guiding research toward
the most promising candidates, will move the research
more efficiently and advance the field towards developing
devices that meet all the PEC requirements.
This article defines the efficiencies that should be used

to report results to facilitate their use by the broader sci-
entific community. Standard procedures for PEC charac-
terization techniques for planar photoelectrode materials
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with a focus on single band gap absorbers are presented in
the form of a suggested flow chart to guide researchers in
their efforts to discover new candidates. Presented in the
U.S. Department of Energy (DOE) Energy Efficiency and
Renewable Energy (EERE) website is an in-depth discus-
sion of the procedures outlined in the flow chart, includ-
ing information on the basic principle behind each type
of characterization, the associated laboratory techniques
and experimental set-ups, the type of data that can be
extracted, and the potential pitfalls and limitations.5

The PEC techniques chosen for this initial set of pro-
tocols are generally not time-intensive to perform and
require only basic electrochemical and optical equipment.
These key techniques can provide the critical information
needed to guide researchers on the prospects of the mate-
rials. An additional motivation to develop standard proto-
cols is to provide guidance on what are acceptable and
unacceptable (e.g., erroneous) practices in the characteri-
zation of PEC materials, the measurement and reporting
of efficiencies, and the stability of such devices. This
article provides a brief introduction to these standard
protocols, but PEC researchers are strongly encouraged
to visit the EERE website for a full discussion.

The methods and definitions presented herein are the
product of a DOE-supported effort to form a consensus
among a number of experienced researchers in this area
from various DOE-supported laboratories, including na-
tional laboratories and academic institutions, and other
international partners. Thus, the discovery and develop-
ment of new materials is the key to advancement in this
field. This manuscript aims to help accelerate materials
development by establishing standards for methods,
definitions, and reporting protocols that will enable
direct cross-comparison of materials’ properties and
performance and thus facilitate knowledge transfer on

a global scale. The challenges in solar PEC fuel synthe-
sis are great—the better the communication amongst
research groups working in this area, the faster we will
reach our targets for PEC efficiency, stability, and cost.

II. EFFICIENCY DEFINITIONS IN THE FIELD
OF PEC

A. Overview of efficiency definitions

Overall STH efficiency is the most important mea-
surement to characterize a PEC device. In fact, materials
themselves are effectively defined by their highest-
recorded STH efficiency; it is the single value by which
all PEC devices can be reliably ranked against one an-
other.6 It is unfortunate that published literature in the
area of PEC sometimes contains erroneous information
regarding efficiency including invalid mathematical
expressions for device efficiency, improper experimental
methods for obtaining efficiency values, and/or wide-
scale reporting of an efficiency that is not a true STH
efficiency benchmark. The first goal of this document is
to establish proper definitions and mathematical expres-
sions for device efficiencies. Among these definitions,
we identify those that are acceptable for wide-scale
benchmarking and reporting, for instance in the form of
press releases to mainstream media, as well as those
definitions which are helpful for their scientific value in
material characterization, diagnostic testing, and journal
publications. Later in this document, we overview the
proper experimental procedures as well as pitfalls that
concern each type of efficiency measurement.

One of the reasons why so much pluralism exists in
describing PEC efficiency is that several different
measures of efficiency (Z) exist; each has its place in
PEC research. The four primary measures of efficiency

FIG. 1. PEC cell in a (a) single and (b) double compartment configuration. Indicated are ports for the WE, CE, and for inlet circulation for gas
detection. An optional port for a reference electrode (RE) is shown for 3-electrode experiments. Stirring is also optional, because it is not always
desired.
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will be discussed here, and they are split into two main
categories:
(i) Benchmark efficiency (suitable for mainstream

reporting)
(a) solar-to-hydrogen conversion efficiency (STH)

(ii) Diagnostic efficiencies (to understand material
performance)

(a) applied bias photon-to-current efficiency (ABPE)
(b) external quantum efficiency (EQE) = incident

photon-to-current efficiency (IPCE)
(c) internal quantum efficiency (IQE) = absorbed

photon-to-current efficiency (APCE).
The definitions described below for PEC devices

are aligned with those used for photovoltaics (PV)7 be-
cause the two fields share many characteristics in com-
mon, and they are in agreement with previous analyses
of efficiencies for PEC water splitting.8 It cannot be
emphasized enough that the only device efficiency that
is acceptable for benchmark reporting is STH. The other
measures are invaluable scientifically, providing insight
into the functionality and limitations of a device, but
should never actively or passively (i.e., by inference)
represent device performance as it relates to PEC targets
such as those established by the DOE. The following
sections reflect and emphasize the distinction between
the aforementioned efficiencies.

B. Efficiency definition for benchmarking

As mentioned, STH efficiency is the most important of
all efficiency measurements as it describes the overall
efficiency of a PEC water-splitting device exposed to
broadband solar Air Mass 1.5 Global (AM 1.5 G) illumi-
nation9–11 under zero bias conditions. Zero bias means that
there is no applied voltage between the working electrode
(WE) and counter electrode (CE). The WE and CE should
be short-circuited, which infers that STH is measured in a
2-electrode system. Voltages versus the reference elec-
trode or versus the open circuit voltage should never be
involved in calculating STH efficiency. It is also important
to note that it is discouraged to attempt a measurement
of STH efficiency when the WE and CE are compartmen-
talized and immersed in solutions of different pH.
A Nernstian bias of 59 mV per pH unit of difference can
arise from the chemical bias between the two solutions,12

negating the meaning of STH because maintaining a pH
difference between the two compartments requires energy
and is therefore not sustainable, especially for large-scale
energy applications. Thus, for a correct STH efficiency
measurement, one must have both the WE and CE im-
mersed in the same pH solution (although compartmental-
ization is still allowable). In addition, the electrolyte
should not contain any sacrificial donors or acceptors be-
cause the redox (reduction-oxidation) reactions would no
longer reflect true water splitting.

STH efficiency is defined as “chemical energy pro-
duced” divided by “solar energy input.” The chemical
energy produced is the rate of hydrogen production
(mmol H2/s) multiplied by the change in Gibbs free
energy per mol of H2 (at 25

"C, DG = 237 kJ/mol). DG
is chosen because it reflects the maximal amount of
electric energy obtainable upon reaction of the hydrogen
to form liquid water, for instance in a fuel cell, and thus
its usage represents the lowest and most conservative
value for STH efficiency [the enthalpic higher heating
value (HHV) and lower heating value (LHV) are larger
at 286 and 242 kJ/mol, respectively, at 25 "C]. The solar
energy input is incident illumination power density
(Ptotal, in units of mW/cm2) multiplied by the illumi-
nated electrode area (cm2). The illumination source
should closely match the shape and intensity of the Air
Mass 1.5 Global (AM 1.5 G) G173 standard13 set forth
by the American Society of Testing and Materials.14

STH# mmolH2=s$ %& 237 kJ=mol$ %
Ptotal$mW=cm2%&Area $cm2%

! "

AM1:5G

: $1%

To calculate the power output (numerator) of the STH
expression, there are two generally accepted approaches:
Eq. (1) involves the direct measurement of the true H2

production rate by an analytical method such as gas
chromatography or mass spectrometry; Eq. (2) uses the
relation that power is the product of voltage, current, and
the faradaic efficiency for hydrogen evolution (ZF).
“Current” is the short-circuit photocurrent density ( jSC,
mA/cm2) normalized to the illuminated electrode area
and the “voltage” is 1.23 V (E0), the thermodynamic
water-splitting potential (DG) at 25 "C. The change in
Gibbs free energy is used in both expressions, and not
the heat of reaction (enthalpy), HHV, or LHV (1.48 and
1.25 V, respectively). The denominator is simply the
total integrated power input density (Ptotal, in units of
mW/cm2) from the impinging illumination. If input illu-
mination is measured in total power (mW), it must first
be normalized to a power density (mW/cm2) by dividing
by the illuminated electrode area.

STH#
jSC$mA=cm2%
## ##& 1:23V$ %&ZF

Ptotal$mW=cm2%

! "

AM 1:5 G

: $2%

It is critical to note that Eqs. (1) and (2) are only valid
if and only if one confirms stoichiometric gas evolution
(H2 and O2) in the absence of any sacrificial electron
donors or acceptors. Equation (2) is restricted to the addi-
tional condition that the measured photocurrent must
correspond directly to the molar H2 generation rate, i.e.,
faradaic efficiencies for the hydrogen evolution and oxy-
gen evolution reactions are 100%; otherwise, Eq. (2) would
give an upper bound efficiency that overestimates the true
STH. This assumption is not always valid, and laboratories
are advised to use methods for direct identification and
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quantification of H2 and O2 to establish faradaic effi-
ciencies. If sacrificial electron donors and/or acceptors
are used, the above equations are invalid and one
cannot use the term STH efficiency nor call that ex-
periment water splitting. For example, organic mole-
cules such as methanol (E0

CH3OH/CO2 = 0.05 V)15 are
much more easily oxidized than water.

C. Diagnostic efficiencies

1. Applied bias photon-to-current efficiency

Applying a bias between the working and counter
electrodes requires a new efficiency value separate from
STH because such a value does not reflect a true solar-
to-hydrogen conversion process. This process merits
the definition of a “applied bias photon-to-current effi-
ciency” (ABPE). The application of a bias generally in-
creases the current drawn from the device, but one
should be cognizant that applying a bias that exceeds
the thermodynamic water-splitting potential (1.23 V)
brings into question whether PEC under these conditions
is more advantageous than standard electrolysis in the
dark. Given that the ABPE measurement is not a true
solar-to-hydrogen measurement, it serves as a diagnostic
measurement in materials development.

ABPE#
jph$mA=cm2%
## ##& 1:23' Vbj j$ %$V%

Ptotal$mW=cm2%

" #

AM 1:5 G

;

$3%

where jph is the photocurrent density obtained under an
applied bias Vb.

As with STH, there are several common pitfalls in
ABPE reporting that should be avoided:

(i) Reporting a bias only versus a reference electrode
and not the counter electrode. Doing so would result in
an interface measurement and not a device measurement
because a bias versus a reference electrode excludes the
second half-reaction occurring at the counter electrode.

(ii) Using a sacrificial donor or acceptor in the elec-
trolyte. Although this may be useful in diagnosing inter-
facial charge transfer limitations, it fails to represent true
water splitting.

(iii) Using a chemical bias (e.g., a 2-compartment cell
with electrolytes at different pH).

2. Incident photon-to-current efficiency/external
quantum efficiency

The IPCE is one of the most important diagnostic
figures of merit for PEC devices; it describes the photo-
current collected per incident photon flux as a function
of illumination wavelength. The researcher can ideally
integrate the IPCE data over the solar spectrum to esti-
mate the maximum possible STH efficiency for that

device, but only for the IPCE data collected under zero
bias (2-electrode, short-circuit) conditions. IPCE under
an applied bias is not considered a valid estimate for
STH, but it is still a useful diagnostic tool that gives
insight into the PEC material properties. IPCE takes into
account efficiencies for three fundamental processes
involved in PEC, as illustrated in Fig. 2: photon absorp-
tance, defined as the fraction of electron-hole (e'/h+)
pairs generated per incident photon flux (Ze'=h(), charge
transport to the solid-liquid interface (Ztransport), and the
efficiency of interfacial charge transfer (Zinterface). This
method assumes that the counter electrode is not limiting
current flowing through the circuit.

IPCE # EQE # Ze'=h(ZtransportZinterface : $4%

Strictly speaking, IPCE is identical to EQE. In PV
devices Zinterface is often close to or equal to 1 because
charges are extracted to a metal that forms an ohmic

FIG. 2. Band diagram of a photoelectrochemical water-splitting cell,
illustrating the various processes of photon absorption, electron-hole
excitation, charge transport, and interfacial reactions. Region I repre-
sents an ohmic contact. Region II is a single band gap n-type semi-
conductor. Region III is the aqueous electrolyte. Region IV is the
counter electrode. A connection between the ohmic contact and the
counter electrode completes the circuit.
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contact with the semiconductor (however, avoiding in-
terface recombination also plays a significant role in the
optimization of PV devices). In PEC, however, interfa-
cial charge transfer kinetics for the water-splitting reac-
tion (hydrogen and oxygen evolution) are often sluggish;
thus, the probability of electron or hole transfer across
the interface (Zinterface) is generally not unity.

In a PEC system, IPCE is usually obtained from
a chronoamperometry (potentiostatic) measurement. In
this system, a bias can be applied between the sample/
working electrode versus a counter electrode (2-electrode
experiment) or a reference electrode (3-electrode experi-
ment) while measuring the current that arises from sub-
jecting the PEC electrode to monochromatic light at
various wavelengths. The difference between the steady-
state current under monochromatic illumination and the
steady-state background current is the photocurrent that
arises due to redox reactions occurring at the surface of
the working and counter electrodes. The IPCE corre-
sponds to the ratio of this photocurrent (converted to
an electron rate) versus the rate of incident photons
(converted from the calibrated power of a light source).
Calibrated monochromated light (alone or superimposed
over a background illumination level) should be used for
this experiment to give IPCE as a function of wavelength
l (nm).

IPCE$l% # EQE$l% # electrons=cm2=s

photons=cm2=s

#
jph$mA=cm2%
## ##& 1239:8$V& nm%

Pmono$mW=cm2% & l$nm% ; $5%

where 1239.8 V & nm represents a multiplication of
h (Planck’s constant) and c (the speed of light), Pmono is
the calibrated and monochromated illumination power
intensity in mW/cm2, and l (nm) is the wavelength at
which this illumination power is measured.

IPCE is an extremely useful number because it yields
device efficiency in terms of “electrons out per photons
in” (as opposed to “power out per power in”). For exam-
ple, if an equivalent number of 400 and 600 nm photons
impinges on a sample and an equal number of electrons
is collected at each wavelength, the IPCE for both wave-
lengths is identical, despite the higher energy of the
400 nm photons. In the context of PEC water-splitting,
IPCE describes the maximum possible efficiency with
which incoming radiation can produce hydrogen from
water, with an implicit assumption that all electrons are
used for the evolution of H2 (and holes for evolution of
O2) instead of other by-products or corrosion (i.e., faradaic
efficiencies for H2 and O2 evolution should be !100%).
To re-emphasize the point, this assumption is not always
valid and laboratories are advised to use methods for
direct identification and quantification of H2 and O2 to
establish the faradaic efficiency for water splitting.

To avoid confusion between IPCE and STH conver-
sion efficiency, we should note three critical differences.
First, in contrast to IPCE (electrons out/photons in),
STH describes efficiency in terms of power (power out/
power in). Second, whereas IPCE measurements can be
conducted with any calibrated and monochromated
illumination source (i.e., it need not be AM 1.5 G illumi-
nation that is monochromated as long as the number of
impinging photons at each wavelength are counted),
STH requires the use of broadband solar-simulated illu-
mination. The reader is referred elsewhere5,13 for a dis-
cussion of solar simulation using laboratory illumination
sources. The integration of IPCE over the entire solar
spectrum can provide an estimation of the maximum
possible STH, if (and only if) no applied bias is used in
the IPCE measurement. Lastly, conducting IPCE experi-
ments with an applied bias is allowable, whereas STH
requires true zero-bias conditions. Of course, the authors
of a publication must be explicit as to the bias applied in
an IPCE experiment. The bias versus the counter elec-
trode is the most pertinent, but a bias versus the refer-
ence electrode may alternatively be used (note that 0 V
versus a reference electrode is not a zero-bias condition).

3. Absorbed photon-to-current efficiency/internal
quantum efficiency

PEC device efficiencies as measured by IPCE/EQE or
STH implicitly include losses from impinging photons
that are reflected or transmitted. To understand the in-
herent performance of a material, it is often helpful to
subtract these losses and measure efficiency based only
on photons absorbed. This process is known as the
APCE, which describes the photocurrent collected per
incident photon absorbed. APCE is synonymous with
IQE. This value is a particularly useful quantity to mea-
sure when studying thin films, because it helps to deter-
mine the optimum balance between maximal path length
for photon absorption versus minimal effective e'/h+

transport distance within the material.

APCE # IQE # IPCE

Ze'=h(
# ZtransportZinterface ; $6%

where Ze'=h( is absorptance, defined as the fraction of

electron-hole (e'/h+) pairs generated per incident photon
flux. Absorptance is estimated from Beer’s Law, which
defines the absorbance (A) of a sample as the logarith-
mic ratio of the measured output light intensity (I) versus
the initial input light intensity (I0). This value is readily
determined experimentally by UV-vis spectroscopy,
which provides a measurement of the number of photons
absorbed per incident photon impinging on the sample.
The assumption is that the number of e'/h+ pairs gener-
ated equals the number of photons absorbed.
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A # 'log
I

I0

$ %
; $7%

Ze'=h( # I0 ' I

I0
# 1' I

I0
# 1' 10'A : $8%

Ze'=h( describes the first of the three fundamental
processes in PEC and establishes the maximum attain-
able PEC efficiency for the device, because Ztransport and
Zinterface can never be greater than unity. If a material
exhibits a low IPCE but a high Ze'=h( , then the reduction
in efficiency arises from either poor transport or poor
interfacial kinetics (or both). One way to decouple the
two limiting factors is to rerun the IPCE experiment with
a more facile redox couple for interfacial charge transfer
than the hydrogen evolution reaction (HER) and the
oxygen evolution reaction (OER). This process will set
Zinterface ) 1 and ensure that any measured difference
between Ze;'=h( and IPCE (with the more facile redox
couple) arises solely from Ztransport. Ideally, Ztransport

should not have a strong dependence on the redox
couple chosen. However, Zinterface will be dictated by
this decision, and thus an appropriate redox couple
must be judiciously selected such that the probability
of interfacial charge transfer to electron acceptors and
from electron donors in solution is effectively 100% for
photoexcited charges that reach each electrode surface.

By combining the equations for determining IPCE and
Ze'=h( experimentally, we can derive APCE as follows:

APCE l$ % # IQE l$ %

#
jph$mA=cm2%
## ##& 1239:8$V& nm%

Pmono$mW=cm2% & l$nm% & $1' 10'A%
:

$9%

D. Summary of efficiency definitions

There are many efficiency values that can be reported
for PEC. We have described the four most important to
consider in PEC research: STH, ABPE, IPCE/EQE, and
APCE/IQE. It cannot be emphasized enough that STH
efficiency is the most important of all efficiency measure-
ments, and great care must be taken to ensure that this
measurement is done correctly and that understanding of
the photoelectrochemistry it reflects is equally accurate.
STH is the only efficiency that can be used to determine
water-splitting H2 production efficiency, and that should
be used as a benchmark value to compare different PEC
candidate materials. The definition of STH was presented
along with the strict conditions on how measurements and
calculations should be conducted. The other efficiencies,
namely IPCE, APCE, and ABPE, are valuable for under-
standing and improving material performance, i.e., diag-
nostic measurements. However, high values obtained for
IPCE, APCE, and ABPE do not necessarily translate to

high values of STH efficiency, the true PEC efficiency that
serves as a benchmark for materials.

III. A FLOW CHART DESCRIBING KEY
CHARACTERIZATION METHODS TO FACILITATE
PEC MATERIALS DEVELOPMENT

The goal of PEC materials development is to design a
material system that has the potential to satisfy most, if
not all, of the requirements for cost-effective PEC
hydrogen production. This section aims to illustrate the
key measurements needed to assess PEC activity. Please
note that the data presented on PEC materials in Figs. 3–12
are for illustrative purposes only and do not represent any
preference on the part of the authors or the U.S. DOE as
materials to pursue. The pursuit of any material that shows
promise is highly encouraged.

For any material to be viable for PEC, it must first and
foremost be a good absorber of sunlight. The maximal
theoretical STH of a material is limited by the magnitude
of its optical band gap, as shown in Fig. 3. Narrower
band gap materials absorb more light and have a higher
theoretical STH, but their photovoltage may lack the
required kinetic overpotential to appreciably split water.
Wider band gap materials are more likely to convert
absorbed photons into current that can split water, they
but suffer from decreased maximal theoretical STH.

The absorption properties of a material can be as-
sessed by using a UV-vis spectroscopic measurement16

FIG. 3. Theoretical maximal photocurrent Jmax (left axis) and STH
(right axis) as a function of material band gap. The calculation of Jmax

was made assuming a complete collection and conversion to electron-
ic current of photogenerated electron hole pairs by using the following
equation: Jmax # q

R
Fl*1' exp$'ald%+dl, where l is the photon

wavelength, q is the charge of an electron, d is the sample thickness,
al is the empirically determined absorption coefficient, and Fl is the
photon flux of the AM 1.5 G solar spectrum. The resulting STH
efficiency was calculated by using Eq. (2), assuming a faradaic effi-
ciency of 1. As an example, the theoretical STH of alpha Fe2O3,
monoclinic WO3, and anatase TiO2 were found to be 15, 6 and 1%,
respectively.
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[See block (a) in Fig. 4 and technique description as 1(a)
in Table I], done typically in a transmission17–19 or dif-
fuse reflectance20–27 configuration. Care must be taken
when interpreting absorption values because wavelength-
dependent scattering and reflectance can affect the
amount of transmitted or reflected light and, consequent-
ly, the perceived absorption. By analyzing the data using
Tauc plots28–32 of (ahn)n versus hn, where a is the
measured absorption coefficient, this method can deter-
mine the optical bulk band gap (Eg) and, ideally, can
distinguish between allowed direct (n = 2), forbidden
direct (n = 2/3), allowed indirect (n = 1/2), and forbid-
den indirect (n = 1/3) transitions. However, the interpreta-
tion of data can be subjective and is not always
conclusive. As a general guideline, the most interesting
materials will exhibit a band gap, Eg, between 1.5 and
2.5 V, because it needs to be large enough to account for
the thermodynamic energy requirements of water splitting
(1.23 V) in addition to the kinetic overpotentials for the
hydrogen and oxygen evolution reactions. In Fig. 5, ab-
sorption data for a Cu2O sample are analyzed in the form
of Tauc plots for the allowed direct and indirect optical
transitions.

If the material appears to have an Eg that lies in the
range of 1.5 to 2.5 V, then the next step is to commence
with photoelectrochemical characterization. We recom-
mend determining the conductivity (n-type or p-type)
and flat-band potential (VFB) of the material.46 The flat-
band potential corresponds to the externally applied
potential for which there is no band bending at the
semiconductor surface. The absolute position of the ma-

jority band edge (conduction band for n-type and va-
lence band for p-type) requires knowledge of its relative
position to the Fermi level and can be approximated by
assessing the majority carrier concentration from a Mott-
Schottky measurement. The position of the minority
carrier band edge can then be estimated by adding or
subtracting the band gap value from that of the majority
carrier band edge, assuming that there are no surface
states that pin the Fermi level at the surface. Caution
must also be exercised if using an optically determined
bulk band gap value, because it is not necessarily the
same as the electronic surface band gap.47,48 The minor-
ity carriers drive the half-reaction at the semiconductor
surface, whereas the majority carriers thermalize to the
Fermi level of the back contact and are injected into
solution at the Fermi level of the counter electrode (as-
suming a metal) to drive the complementary half-
reaction. If a material exhibits n-type conductivity, then
photogenerated holes are the minority carriers that drive
the OER at the semiconductor surface, and the flat-band
potential should be negative of the hydrogen evolution
potential under the conditions tested to minimize the
need for an applied bias. If a material exhibits p-type
conductivity, then electrons are the minority carriers that
drive the HER at the semiconductor surface, and the flat
band potential should be positive of the oxygen evolu-
tion potential under the conditions tested.
An illuminated open-circuit potential (OCP) measure-

ment [Fig. 4(b); Table Ib] is generally the simplest method
of obtaining conductivity and VFB,

49 although some ma-
terials may need particularly intense light to obtain an

FIG. 4. Suggested PEC characterization flow chart for a single-absorber material.
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accurate value of VFB. Such intense illumination may not
be available or can cause sample photocorrosion. An
example of OCP measured at various illumination inten-
sities for GaAsPN is shown in Fig. 6.

FIG. 5. (a) Absorption data from a 1.7-mm film of electrodeposited
polycrystalline Cu2O plotted in (b) allowed direct and (c) allowed
indirect band gap Tauc plots. Plot (b) suggests an allowed direct
transition with a band gap of approximately 2.4 eV, consistent with
previous reports.33–36 Plot (c) suggests an allowed indirect transition
near 2.0 eV,37,38 with an absorption tail below 2.0 eV that has previ-
ously been attributed to copper ion vacancies and free carriers.39–41

Direct but forbidden transitions at 2.0 eV have also been reported for
Cu2O,

19,42 as well as allowed direct transitions at 2.0 eV.43–45

FIG. 6. OCP of three p-GaAsPN compositions (Eg !1.8 eV) plotted
versus illumination intensity.50,51 The light source used for these
measurements was a fiber optic illuminator equipped with a 150 W
tungsten bulb, and the intensity was measured by using an optical
power meter with a thermopile detector. At 600 mW/cm2 (approxi-
mating 6 suns of intensity), OCP is nearing saturation for this materi-
al/lamp combination. At higher illumination intensities, the OCP
appears to saturate. The saturated open-circuit potential is taken as
VFB. The electrolyte used was 3 M H2SO4.

FIG. 7. Mott-Schottky plots at varying frequencies for Al-doped
Fe2O3. For this sample, each of the four plots linearly extrapolates to
the same VFB of '0.65 V vs. Ag/AgCl, but their slopes exhibit a
frequency dependence. The calculated free charge-carrier density
(ND) is 1.35 & 1023/cm3 at 112 Hz, 1.51 & 1023/cm3 at 64 Hz,
1.67 & 1023/cm3 at 26.4 Hz, and 1.58 & 1023/cm3 at 12.8 Hz.
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A Mott-Schottky measurement [Fig. 4(c); Table Ic]
can also reveal conductivity and VFB,

52 in addition to
other properties such as dopant and charge carrier densi-
ties.49,53,54 The ideal sample is single-crystal material of
high crystalline quality grown with moderate doping on
a conducting substrate. However, many materials exhibit
nonideal behavior such as exhibiting a frequency depen-
dence55 that limits the determination of the properties
mentioned above. A sample M-S plot53 of Al-doped
Fe2O3 is shown in Fig. 7.

Another way to determine VFB and conductivity is to use
3-electrode cyclic voltammograms (CVs) in light and
dark56 and measure the photocurrent onset [Fig. 4(d);
Table Id], as shown in Fig. 8. However, errors due to
interfacial charge transport limitations (kinetics) can result
that may need to be minimized through surface catalyst
treatments; these errors will underestimate the VFB com-
pared with the other two methods presented previously. In
addition, corrosion of the sample can result from both
electrochemical biasing as well as photo-induced processes.

FIG. 8. Cyclic voltammograms of a Pt-catalyzed p-GaPN photoelec-
trode that exhibited cathodic photocurrent.50 The plot shows photo-
current density squared ( jph)

2 vs. potential. Linear fits used to find the
onset of photocurrent in three different pH electrolyte solutions. The
x-intercepts are the flat-band potentials for each pH value: 0.4 V for
pH '0.5, '0.05 V for pH 6, and '0.45 V for pH 14.

FIG. 9. J-V characteristic measured in a 3-electrode configuration on
a WO3-based PEC electrode in dark (black curve) and under AM
1.5 G illumination (curve). Measurement was performed in a 0.33 M
H3PO4 electrolyte by using a scan rate of 25 mV/s. The photocurrent
density appears to saturate at 3.5 mA/cm2 for potentials positive of
1.2 V vs. the saturated calomel electrode (SCE).

FIG. 10. IPCE data of GaP, Ga.95In.05P.975N.025, and GaInP2 biased at
'0.7 V vs. Ag/AgCl in pH 2 buffer with 1 mM Ru(NH3)6

3+.

FIG. 11. Short-circuit zero-bias current density vs. time plots for two
GaPN(3%):p-Si tandem cells (identified A and B) in sparged 3 M
H2SO4 under AM 1.5 G illumination (set using a 250 W tungsten-
halogen lamp and a calibrated GaPN reference cell) for 1 h. Sample B
exhibits a high initial photocurrent that quickly decreases, whereas
sample A exhibits lower photocurrent initially but is more stable over
time.
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It is important to recognize that all three techniques
presented here for estimating VFB have limitations that
affect their accuracy. Thus, it is not uncommon for each
method to produce a different value of VFB for the same
sample57; all three methods may be needed to hone in on
the true VFB.

Another property that can be obtained with 3-elec-
trode CVs is the saturated photocurrent density,58–61

which establishes the upper limit for the rate of PEC
hydrogen production on that material as one applies a
reverse bias on the semiconductor. A sample plot of CVs
for a WO3-based photoelectrode collected in light and
dark is shown in Fig. 9. Note that photocurrent saturates
beyond a certain applied bias, indicating maximal ex-
traction of charges into the electrolyte.

The next characterization method involves obtaining
an IPCE spectrum [Fig. 4(e); Table Ie], as described in
Sec. II. C. 2. This process provides insight as to how
well the material can convert incident photons to
collected electrons for a given narrow range of incident
photon energies (i.e., using monochromated light) and
reveals the minimal photon energy required to drive
water splitting, which could differ from the optical band
gap value obtained from UV-vis spectroscopy. A sample
IPCE spectrum is provided in Fig. 10.

Like UV-vis data, photocurrent data can be analyzed
using Tauc plots to extract Eg by using photocurrent ( jph)
in place of absorption coefficient (a) and plotting
( jphhn)

n versus hn.62 The APCE can be obtained when

combined with information from the UV-vis measure-
ment, as described in Sec. II. C. 3.

If the IPCE measurement reveals a satisfactory photo-
response, then the next task is to perform a 2-electrode
zero bias (short circuit) photocurrent measurement
[Fig. 4(f); Table If] to obtain STH efficiency, as de-
scribed in Sec. II. B. An example of a zero-bias photo-
current measurement is shown in Fig. 11.

If the material exhibits significant short-circuit photo-
current, the next step is to measure the faradaic efficien-
cy of the photocurrent for water splitting through the
direct detection of evolved H2 and O2,

63,64 typically by
means of a mass spectrometry or gas chromatography
experiment [Fig. 4(h); Table Ih]. This experiment can
be a difficult task because the PEC cell needs to be
sealed extremely well to enable proper quantification. A
plot showing H2 and O2 gas evolution from a PEC cell is
shown in Fig. 12. The data can be used to extract farada-
ic efficiency and STH.

If the material does not exhibit significant short-
circuit photocurrent, or gas detection reveals poor faradaic
efficiency, then an applied bias may be needed [Fig. 4(g);
Table Ig] that will determine the ABPE as described in
Sec. II. C. 1. As with a short-circuit photocurrent measure-
ment, faradaic efficiency needs to be assessed if applica-
tion of a bias results in significant photocurrent.

Accurate assessment of IPCE, STH, and ABPE
requires a carefully calibrated light source, with the
added requirement that the source approximates the AM
1.5 G spectrum for STH and APBE. It is important to re-
emphasize that the initial efficiency values obtained may
be inflated due to photocorrosion or side reactions.
Although initial measurements are often made with
the assumption that the faradaic efficiency for water
splitting is 100%, one must revisit efficiency calcula-
tions after experimental confirmation of faradaic effi-
ciency through the actual detection of H2 and O2.

Once it is determined that the material can split water
for hydrogen production by using AM 1.5 G irradiation,
then the final step is to assess its stability over time.4

Durability is clearly desired in a material. However, the
exact stability requirements on a material for the purpose
of commercialization will depend on an in-depth cost
analysis that takes into account the cost of device fabri-
cation, deployment, and replacement. The DOE has
established a goal of 1000 h of stability for PEC mate-
rials by 2013.65 This goal increases to 5000 h for the
year 2018. The authors of this article recommend an
intermediate goal of 200 h for laboratories that do not
have the capacity to conduct longer studies.

A material that can survive the rigorous testing set
forth in this flow chart will be a particularly promising
candidate for incorporation into an industrially deploy-
able device for PEC hydrogen production. It is our hope
that this flow chart serves to streamline the process for

FIG. 12. Time evolution of photoelectrochemical water splitting on a
IrO2/TaON electrode under visible light (of wavelength longer than
420 nm) illumination using a 300 W xenon lamp at 1.0 V vs. Pt in an
aqueous 0.5 M Na2SO4 electrolyte. Stoichiometric H2:O2 (2:1) gas
production was observed.
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material screening so that discovery of promising candi-
dates occurs at a faster and more orderly pace.

IV. CONCLUSIONS AND PERSPECTIVES

PEC water splitting for the production of hydrogen
represents an important and necessary field of research
in the face of a growing need for domestic, clean, abun-
dant, and renewable energy. Despite being pioneered
nearly four decades ago, no formal standards for charac-
terization, benchmarking, and reporting have been estab-
lished so far, making cross-comparison of materials from
different laboratories and different time periods difficult.
It would be globally beneficial to establish standards in
definitions and methods so that those who pursue PEC
are consistent in how device performance is assessed and
how critical characterization procedures are conducted.
With a universally adopted set of standards and proce-
dures, the PEC community will have the solid founda-

tion it needs to take large steps toward developing
devices that meet future energy requirements.
We propose a set of standard procedures for PEC

water splitting, starting with the establishment of the defi-
nitions of efficiency. We emphasize the importance of
solar-to-hydrogen efficiency as the only figure of merit
suitable for wide-scale benchmarking and further define
several diagnostic efficiency values that can be used to
understand device limitations. We also provide a sug-
gested experimental flow chart (Fig. 4) to guide research-
ers in their efforts to characterize and understand their
devices with brief explanations of each step in the process.
However, our work continues beyond what is presented

here. Soon to be published is a series of focused docu-
ments that describe the key PEC characterization tech-
niques listed in this document in greater depth. The
documents explain the principles behind each type of
characterization, how the techniques are accomplished in
the laboratory, the data that can be extracted, and potential

TABLE I. List of key PEC characterization techniques, the knowledge gained from them, and their limitations.

Technique Knowledge gained Limitations

(a) UV-vis spectroscopy , Optical bulk band gap

, Direct or indirect, allowed or forbidden

transition

, Interpretation of data prone to subjective error

and is not necessarily conclusive

, Great absorbers do not necessarily make

high-efficiency PEC cells

, Derived band gap for the bulk is not

necessarily valid for the surface

(b) Illuminated open-circuit

potential
, Flat-band potential

, Conductivity type

, Possible photocorrosion at OCP

, Samples with high recombination rate can

prevent band flattening

(c) Mott-Schottky , Flat-band potential

, Conductivity type

, Doping density

, Density of charge carriers

, Complicated interpretation of data from

nonideal samples

(d) 3-Electrode cyclic voltammograms

(light and dark)/photocurrent onset
, Saturated photocurrent density

, Voltage range of photocurrent generation

, Conductivity type

, Flat-band potential

, Catalysts may be needed to minimize

overpotential errors in flat-band potential

measurement

, Possible sample corrosion

(e) IPCE/photocurrent spectroscopy , Wave length dependent incident

photon-to-current efficiency

, Band gap

, Absorbed photon-to-current

efficiency

, High variability in data if the lamp source is not

accurately measured

, Possible photocorrosion or side reactions,

which will lead to false (higher) IPCE values

(f) 2-Electrode zero-bias photocurrent , Solar-to-hydrogen efficiency , Possible photocorrosion or side reactions,

which will lead to a false (higher)

STH-efficiency value if ZF is not accurate

(g) 2-Electrode applied bias
photocurrent

, Applied bias photon-to-current efficiency , Possible photocorrosion or side reactions,

which will lead to a false (higher) ABPE value
(h) H2/O2 gas detection , Faradaic efficiency for water splitting , Quantitative detection requires perfect sealing of

reaction vessel

(i) Stability tests , Lifetime of material , Instability of illumination source over time

(if not continuously measured)13
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pitfalls and limitations. In addition, we also provide
documents discussing electrode preparation, surface ca-
talysis treatments, PEC cell setup, stability testing, and
spectral standards. A website has been created to freely
disseminate peer-reviewed drafts of these documents in
the hopes of reaching a broad audience.5 Because exact
methodology can vary greatly from one laboratory to the
next, we highly encourage other PEC researchers to sub-
mit feedback for continuous improvement of the infor-
mation presented in these documents. This response will
ensure the establishment of a thorough and accurate set
of guidelines to mature the field of PEC water splitting.
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