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SUMMARY

Photoelectrochemical (PEC) water splitting devices replace electri-
cal contacts in a solid-state solar cell with a solid/liquid junction to
improve the solar-to-H2conversion efficiency and reduce system
cost. The wireless configuration can fully use the advantage of the
PEC by removing all electrical contacts; however, the wired config-
uration with the electrical contact on its back side has been widely
studied to facilitate device characterization. In this study, a wireless
PEC water splitting device made of a commercially available III-V tri-
ple-junction solar cell protected by transparent TiO2 is demon-
strated with high efficiency and stability. The wireless device pro-
duces both H2 and O2 products in a stoichiometric ratio in 13% of
solar-to-H2 conversion efficiency over �12 h, and the total amount
of H2 product during the lifetime of the device reaches 51 mL/
cm2, which is the highest value reported from wireless PEC devices
to the best of our knowledge.
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INTRODUCTION

Photoelectrochemical (PEC) water splitting has been studied over decades as a po-

tential pathway to emission-free hydrogen production.1,2 The PEC device is made

up of a water electrolyzer integrated onto the surface of a solar cell, and photocur-

rent generated from the solar cell participates in the water splitting reaction on the

surface immediately. There have been discussions and techno-economic analyses

comparing PEC with electrically wiring separate water electrolyzer and solar

cells,3–5 suggesting that PEC may open the possibility of efficiency improvement

and cost reduction by the nature of its device structure. Because the water splitting

reaction takes place directly on the solar cell over a large surface area, the low cur-

rent density flows over a very short distance, which results in low ohmic loss and

improved efficiency. Furthermore, PEC does not require power electronics and

other intermediary components to combine a solar cell and a water electrolyzer,

which would be beneficial for lowering system cost. Shaner et al.5 conducted a

techno-economic analysis on PEC and pointed out that PEC could find economic

feasibility, especially when using III-V solar cells with solar concentrators.6

PEC devices have mostly been characterized by measuring the photocurrent in a

wired configuration in most of the PEC studies. In the wired configuration, one

side of the solar cell is connected to an electrical wire or transparent conductive ox-

ide (TCO) while the other side is exposed to an electrolyte. Because of the experi-

mental convenience of current measurement, this wired configuration has become

the typical method to investigate the performance. Nevertheless, the advantage

of PEC can only be fully realized in a wireless configuration that exposes both sides
Cell Reports Physical Science 1, 100261, December 23, 2020 ª 2020
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of the solar cell. The wireless configuration can shorten the current flowing distance

dramatically because the photocurrent needs to flow only over the thickness of the

solar cell. Furthermore, the wireless configuration can reduce system cost by making

a stand-alone device without any external components and wiring.7–9 In spite of the

advantages of the wireless configuration, it has not been pursued widely because of

the difficulties in characterizing the wireless device. The performance of the wireless

device can only be measured by capturing gaseous products in an electrochemical

cell with a membrane and tubing without crossover or leakage of the products. The

electrochemical cell also needs an elaborate design to minimize the ohmic loss from

the proton transport. Moreover, it is more challenging to stabilize a wireless device

because both sides of the solar cell are exposed to an electrolyte. Reece et al.7 real-

ized PEC water splitting in the wireless configuration using a Si-based triple-junction

solar cell with 2.5% solar-to-H2 (STH) conversion efficiency.

There have been many efforts made to improve the stability of PEC in the wired config-

uration because of the aforementioned experimental convenience,10–31 but the stability

is often evaluated without analyzing the gaseous product.11,13–17,19,21,24,25,27 The stabil-

ity is thus only assessed by the evolution of the current density over a certain period,

assuming that the faradic efficiency is 100%. However, it is pertinent to be cautious

with these results because the current density may be due to unexpected reactions,32

such as corrosion of solar cells rather than water electrolysis, especially for the anodic

half-reaction. Therefore, directly capturing both H2 and O2 over the lifetime of the

PEC device (H2 lifetime) is a more reliable approach to examining stability. According

to Ben-Naim et al.,13 the H2 lifetime of PEC devices must reach at least 100 L/cm2 to

achieve economic feasibility. However, there are still approximately two orders of

magnitude difference between the current state-of-the-art PEC and this goal.

In thiswork, we investigatedwireless solar water splitting using a III-V triple-junction solar

cell. The cell is made of GaInP/GaAs/Ge junctions with varying band gaps (1.8/1.4/0.7

eV) to absorb photons with different energies. This triple-junction solar cell fully uses

the entire solar spectrum, including the infrared region and is able to supply sufficient

photovoltage for unassisted solar water splitting. We investigated the PEC devices in

both wired and wireless configurations to present the following features: (1) We demon-

strate a highly active PECwater splitting device in the wireless configuration by using the

III-V triple-junction solar cell.7 (2) We also test the PEC device in the wired configuration

for further characterization. We investigated the effect of the water layer thickness and

the TiO2 protection layer thickness on the performance of PEC devices. (3) The wireless

PEC devices show reasonably good stability in acid by protecting the front side with a

transparent TiO2 layer
11,29 and back side with a thick Ti film. When testing the stability

of the wireless device, both H2 andO2 products are collected to ensure that the cathode

and anode are occupiedbyH2 evolution reaction (HER) andO2 evolution reaction (OER),

not by other miscellaneous reactions. This PEC device demonstrates 13% of STH effi-

ciency and shows the highest durability among the wireless PEC devices by achieving

an H2 lifetime of 51 mL/cm2. We then discuss the corrosion mechanism of this specific

device and potential approaches to enhance stability.
RESULTS

The Configuration of the PEC Devices

The experimental setup used to test the wireless device is depicted in Figure 1A. The

solar cell used in this study was purchased from AZUR SPACE Solar Power GmbH.

The compression cell is designed to expose the front and back sides of the solar

cell to an acidic electrolyte for HER and OER, respectively. The proton transport
2 Cell Reports Physical Science 1, 100261, December 23, 2020



Figure 1. Experimental Setup for Testing Wireless PEC

(A) Compression cell used for testing wireless devices. The red object in the center represents the

PEC device. Protons travel from the back side to the front side of the device around the solar cell

(along the red dotted line). The design of the compression cell can be further improved by

shortening the proton transfer distance.

(B and C) TiO2 protection layer for the optical front side (B), and (C) metallic Ti protection layer for

the Ge back side of the triple-junction solar cell.
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distance around the solar cell is minimized to lower the ohmic loss, and a Nafion

membrane separates the gaseous products. Due to the sensitive nature of the tri-

ple-junction solar cell, both sides of the solar cell require a protection layer for stable

operation in an acidic environment, and they also need electrocatalysts for an effi-

cient water splitting. Over the optical front side of the solar cell, a thin layer of

metallic Ti (3 nm) is sputtered as an adhesion layer and followed by the deposition

of a TiO2 protection layer with various thicknesses as shown in Figure 1B.11,29 Pt

nanoparticles with 0.5 nm nominal thickness is deposited on the TiO2 protection

layer as a HER catalyst. The opposing Ge back side requires a highly robust protec-

tion layer because the anodic potential needed for OER (�1.8 V versus RHE) creates

a highly corrosive environment. To resolve this, we covered the Ge back side with

10 nm of Au as an electrical contact and a 2-mm thick Ti layer as a protection layer,

as shown in Figure 1C. On top of the protection layer, 10 nm IrO2 is deposited as

an OER catalyst. A 10-nm layer allows for a continuous TiO2-IrO2 interface without

the presence of the electrolyte. This approach results in an ohmic contact rather
Cell Reports Physical Science 1, 100261, December 23, 2020 3
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than a Schottky barrier or an electrolyte-induced depletion layer developing in the

TiO2. This layer is on the back non-irradiated side, thus allowing the Ti/TiO2/IrO2

to be as thick as necessary without needing to consider any issues relating to optical

absorption.

The wired samples have the same structure, with the exception that a Cu wire is

attached to the Au layer using Ag paste instead of the 2-mm-thick Ti and IrO2 layer.

The entire sample is covered by epoxy, except for an opening area in the center of

the front side (�0.2 cm2). Further details about the preparation are described in the

Experimental Procedures section.

The Thickness of the TiO2 Protection Layer andWater Layer Affect the Activity

of the PEC Devices

The photocurrent from the triple-junction solar cell is limited by the junction with the

lowest current density; therefore, it is important to match the photocurrent from

each junction to be similar. In the PEC design, the Ge bottom junction is based on

infrared light absorption, and the light is filtered not only by the two cells in front

of the Ge cell but also by the water layer in front of the stack. According to the pre-

vious theoretical study,33 the water layer has preferential absorption in the infrared

light; thus, it could deteriorate the activity of the Ge bottom junction and mismatch

the photocurrent from each junction. To analyze whether infrared absorption by wa-

ter can result in the Ge bottom cell to be the current limiting cell in the triple-junction

stack, we varied the thickness of the water layer in front of the PEC device and moni-

tored performance. The water layer thickness is controlled to be 2, 4 or 8G 0.5 mm,

and J-V curves are measured under a Xe lamp with a AM 1.5 G filter imitating the

ASTM 1.5 G spectrum (see Figure S1A), as shown in Figure 2A. The J-V curve shows

a maximum fill factor of 89% when the water layer thickness is �2 G 0.5 mm. How-

ever, the fill factor decreases to 82% and 71% as the water layer thickness increases

to 4 G 0.5 mm and 8 G 0.5 mm, respectively. The change of J-V curve is dominated

by two different factors34–36: (1) the current density limitation by the Ge bottom junc-

tion due to the reduced infrared irradiance, and (2) the diode behavior of the Ge bot-

tom junction in the breakdown region. At the higher potential range (�1.5 V versus

RHE), the increased water layer thickness reduces the infrared light intensity by ab-

sorption, and the current density fromGe bottom junction decreases; 4G 0.5 mm or

8 G 0.5 mm of the water layer is able to decrease the current density. However, the

current density increases again at the lower potential range (�0 V versus RHE). The

Ge bottom junction is a p-n diode under electrical bias, and the total electrical bias

applied on the Ge bottom junction is the sum of external bias from a potentiostat

and the photovoltages from the top and middle junction in this PEC experiment.

The direction of the external bias and photovoltages are forward and reverse to

the p-n junction, respectively. When the external bias is small (�0 V versus RHE),

the total electrical bias on the Ge diode is in the reverse direction and surpasses

the breakdown voltage of the Ge diode. In this case, the Ge bottom junction does

not limit the current density; thus, the top or middle junction will limit the current

density. To test the hypothesis, we illuminated with an additional infrared light by

using a tungsten halogen lamp filtered by a Si wafer. The band gap of Si (1.1 eV) al-

lows additional intensity only for the Ge bottom junction (since hn < 1.1 eV). When

supplying this additional infrared intensity to the device with 8 G 0.5 mm of the wa-

ter layer, the fill factor recovers, and this confirms that Ge bottom junction is limiting

the current density at the higher potential range (�1.5 V versus RHE) in this case.

The photocurrent density of multi-junction solar cells is always limited by the junc-

tions with the lowest current density. Therefore, determining the current limiting
4 Cell Reports Physical Science 1, 100261, December 23, 2020



Figure 2. The Thickness of the TiO2 Protection Layer and Water Layer Affect the Activity of the

PEC Devices

(A) The photocurrent density measured with 2, 4, or 8 mm water layer in front of the PEC device. The

loss by the infrared absorption is recovered by supplying additional infrared light.

(B and C) Photocurrent density from the triple-junction PEC devices with (B) 165 and (C) 220 nm of

TiO2 thickness (black lines). A chopped source of extra photons for the top junction (blue) and the

middle junction (red) are supplied to determine the current limiting junction. See also Figure S2.

(D) The wavelength-dependent reflection of the PEC device for 2 selected TiO2 thicknesses. The

solid lines are calculated, and the dashed lines are measured reflectance. See also Figure S4.

(E) Measured current density without (purple data points) and with (green data points) the blue light

is compared to the calculated current density from each junction. The error bars represent the

standard deviation from measurements on 3 devices with the same TiO2 thickness.
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junction, and if possible, figuring out the current density from each junction would be

valuable information for optimizing a PEC device as it has been done for conven-

tional multi-junction solar cells.37,38 As shown in Figure 2A, increasing the current

density from the Ge bottom junction by supplying the additional intensity in the

infrared range cannot make the total current density larger than 11.3 mA/cm2, which

means that the top or middle junction is limiting the current density to this value. To

determine the current limiting junction, we added another light source for either the

top or middle junction to the experimental setup. The purpose of the additional light

source was to supply photons for one of the junctions exclusively, and the current

density should increase when the photons for the current limiting junction is supplied

from the additional light source. We used an additional Xe lamp with optical filters to

illuminate only the top junction (blue light, 400–500 nm) and themiddle junction (red

light, 645–900 nm) (see Figure S1B). We measured the photocurrent density of the

wired PEC devices with various TiO2 thicknesses (see Figure S2), and 2 devices

with 165 and 220 nm of TiO2 are shown as representative examples in the gray graph

in Figures 2B and 2C. The blue and red graphs in Figures 2B and 2C show the photo-

current density when turning on and off the additional blue and red light, respec-

tively. Both PEC devices with 165 and 220 nm of TiO2 are showing improved current

density when supplying more photons for the GaInP top junction, and this indicates
Cell Reports Physical Science 1, 100261, December 23, 2020 5
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that the top junction is the current limiting junction. The current density under the

additional blue light is not changed in the range of blue light intensity used in this

study (see Figure S3 for details). This result implies that the intensity of the additional

blue light is large enough to fully saturate the GaInP top junction so that the top junc-

tion is not the current limiting junction under the blue light any longer. Furthermore,

the blue light intensity is not too high so as to invoke a detectable amount of photo-

luminescence coupling effect.39

Under the blue light illumination where the top junction is not limiting, the middle or

bottom junction should be the current limiting junction. However, we can exclude

the bottom junction and thus know that the middle junction is the current limiting

junction based on the fill factor. As shown in Figure 2A, the current limiting bottom

junction can decrease the current density only at �1.5 V versus RHE, while the cur-

rent density at the lower potential range remains the same. However, when consid-

ering that the current density under the blue light (the blue graphs in Figures 2B and

2C) shows the same current density at 0.5 V versus RHE and 1.5 V versus RHE, the

cyclic voltammetry measurement shows a clear difference from the PEC device

with the current-limiting bottom junction. Therefore, the current density under the

blue light should show the current density from the middle junction. It is noteworthy

to observe that the current density from themiddle junction clearly differs for the two

thicknesses of the TiO2 layer. The middle junction current density from the PEC de-

vice with 165 and 220 nm TiO2 are 11.8 and 13.2 mA/cm2, respectively. To explain

the thickness dependence, the reflectance of PEC devices with various TiO2

thicknesses is measured in the visible light range in air (see Figure S4), and 2 repre-

sentative devices with 165 and 220 nm of TiO2 are shown in Figure 2D. As the TiO2

thickness changes, the reflectance of PEC devices also changes and will affect the

photocurrent density from each junction.40 Because the device with 165 nm of

TiO2 has amore significant reflection in the wavelength range for themiddle junction

(650–900 nm) compared to the device with 220 nm of TiO2, it has a lower current

density from the middle junction.

To quantify the effect of TiO2 thickness on the reflectance and the current density,

the expected photocurrent density from each junction is calculated by taking into

consideration the spectral intensity of the light source provided by the supplier,

absorption by the water layer,41 optical properties of materials,42–44 and internal

quantum efficiency derived from the measured external quantum efficiency and

reflectance. The thickness of the water layer, which significantly affects the current

density from the bottom junction, is assumed to be 2 mm. Further details regarding

the current density calculation are described in Note S1. The purple, green, and

yellow lines in Figure 2E represent the calculated current densities from the top, mid-

dle, and bottom junctions, respectively. The periodic changes of the calculated cur-

rent density over the TiO2 thickness are from the optical interference inside the TiO2

film. When the thickness of the TiO2 layer satisfies Equation 1, destructive interfer-

ence will occur for the reflecting wave, and the TiO2 protection layer will work as

an antireflective coating45:

d =

�
1

4
+
1

2
m

�
l

n
(Equation 1)

where d, m, l, and n represent TiO2 thickness, any integer number, the wavelength

of light in vacuum, and the refractive index of TiO2, respectively. This equation shows

that the periodic change of the expected current density over TiO2 thickness de-

pends on the wavelength corresponding to each junction. Because the wavelength

of light absorbed from each junction increases in the order of top, middle, and
6 Cell Reports Physical Science 1, 100261, December 23, 2020
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bottom junction, the periodicity also increases in the same order, as shown in the

solid lines in Figure 2E.

The calculated current density from each junction is compared to the experimental

measurement. According to the calculation results shown in Figure 2E (solid lines),

the GaInP top junction is expected to limit the current density for all TiO2 thicknesses

according to the calculation result because the junction with the lowest current den-

sity will limit the current density of entire PEC devices. We measured the photocur-

rent density from PEC devices with various TiO2 thicknesses (see Figures 2B, 2C, and

S2) and confirmed the current limiting junction by using the additional light sources.

As expected from the calculation, all of the PEC devices with the various TiO2 thick-

nesses show improved current density under the blue light, whichmeans that the top

junction limits the current density. The measured current densities from all of the

PEC devices are shown in Figure 2E. The purple data points are measured without

the additional blue light, while the green data points are measured with the blue

light. Because the PEC devices show improved current density when adding the

additional blue light, which is exciting only the top junction, the top junction is the

current limiting junction for all devices. Therefore, as explained with Figures 2B

and 2C, the purple data points without the blue light represent the current density

from the top junction. Also, because the cyclic voltammetry with the additional

blue light does not show the characteristic behavior of the bottom junction limiting

device (shown in Figure 2A), the green data points represent the current density from

the middle junction. All of the data points with error bars are acquired by measuring

three independent PEC devices with the corresponding TiO2 thickness. The

measured and calculated current densities from each junction are in accordance

with each other. It shows that the current density from each junction in a multi-junc-

tion solar cell can be measured with additional light sources, which would be useful

information for optimizing a PEC device.

The current density from the PECdevice is limited by the top junction, and it is related

to the design and optical losses of the device. The triple-junction solar cell used in this

study is optimized to operate under AM0 spectrumwith 17.0mA/cm2 of current den-

sity; however, this study uses the light source-simulating AM1.5G spectrum. The dif-

ference between the AM 0 and the AM 1.5 G spectrum results in the current limiting

top junction generating 13.6 mA/cm2. There seem to be parasitic losses, which re-

duces the current density by <1 mA/cm2, possibly from optical absorption by the

Pt catalyst, the TiO2 protection layer, and the metallic Ti adhesion layers. The device

without any reflection would generate 12.6 mA/cm2, but the loss by reflection results

in 10.0–12.1 mA/cm2 of current density from the top junction, as shown in Figure 2E.

The Stability of the PECDevices Is Tested by CapturingGaseous Products over

Their Lifetime

The stability of PEC devices is often evaluated by conducting chronoamperometry

over a certain period, and the previous work from Ben-Naim et al.13 provides a

framework to indicate the stability of PEC devices by using H2 lifetime (see Figure

4 in Ben-Naim et al.13). Figure 3A shows the H2 lifetime from selected

works8,13,22,40,46–55 (circle) as well as this study (rectangle), measured by the total

amount of charge passed (see Table S1 for details). The unit of the charge passed

(coulombs) is converted to an equivalent amount of H2 for a more relatable figure

of merit. The most stable device from this study has 277 nm of the TiO2 protection

layer and produced 231mL/cm2 supposing that all of the charges are participating in

the water splitting reaction, as depicted in the inset of Figure 3A. However, a large

amount of total passed charge does not necessarily mean that the photoelectrode is
Cell Reports Physical Science 1, 100261, December 23, 2020 7



Figure 3. The Stability of the PEC Devices Is Tested by Capturing Gaseous Products over Their

Lifetime

Total amount of H2 produced over the lifetime of PEC devices from selected papers (circle) and this

study (rectangle) are charted, depending on the measurement methods.

(A) H2 lifetime production ‘‘measured’’ by the charge passed in the unit of the equivalent amount of

H2. The wired device from this study reached 231 mL/cm2, and the inset figure shows the

chronoamperometry data from the device.

(B) H2 lifetime production measured by gas collection. Blue and red data points represent the

amount of collected H2 (left y axis) and O2 (right y axis). Note that the H2 axis is scaled by a factor of

1/2 compared to the O2 axis to make H2 and O2 data points in the stoichiometric ratio (2:1) overlap

each other.

(C) H2 lifetime measured from wireless devices only. The inset figure shows gas collection during

the first hour of this study used to calculate STH efficiency.

See also Table S1.
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producing H2 and O2. As pointed out by the previous study,32 the current density

may originate from the dissolution of semiconductors or other non-water splitting re-

actions. Therefore, we isolated the data points that collected the gas product among

the references in Figure 3A, and showed these more thorough experiments in Fig-

ure 3B. The volume of collected H2 and O2 is depicted as the blue and red data

points, respectively, with the H2 data point corresponding to the left y axis scale

and the O2 evolution data points corresponding to the right y axis scale. We empha-

size that the H2 axis is scaled by a factor of 1/2 compared to the O2 scale; thus, if the

H2:O2 ratio is the theoretical value of 2, the H2 and O2 data points should be on top

of each other. This scaling allows us to easily see whether a given device was truly

splitting water or the extent to which a corrosion reaction or something else was

involved. The square data point represents the wireless PEC device with 355 nm

of TiO2 from this study (see Video S1). The STH efficiency of the device is 13% based

on the amount of gas collected during the first hour of the operation (inset of

Figure 3C). The activity of the wireless device is almost the same as that of the wired

device in this lab-scale experiment with a small current. The advantage of a wireless

device by reducing ohmic loss from electron conduction would be more substantial

at a larger-scale device with a larger current. The H2 lifetime reaches 51 mL H2/cm
2,

and the ratio between H2 and O2 is 2:1 in the range of significant figures of eudiom-

eters (graduation size: 50 mL), which shows that HER and OER are dominant reac-

tions. Figure 3C collects data points from wireless devices only. As we mentioned

before, the wireless configuration would be the simplest configuration possible for
8 Cell Reports Physical Science 1, 100261, December 23, 2020
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PEC and, therefore, attractive for a practical application. To the best of our knowl-

edge, this is the highest value measuring isolated H2 and O2 gas among the wireless

devices evaluated in an acidic environment.

After stability tests, we investigated the corrosionmechanism of this specific PEC de-

vice. It was discovered that wireless samples have severe corrosion only on the front

side (i.e., cathode), whereas the back side (i.e., anode) does not show any observ-

able corrosion. This is probably because a 2-mm Ti film is sufficiently thick to prevent

the formation of any pinholes that may otherwise lead to local corrosion. However,

the corrosion on the front side was clearly observed through scanning electron mi-

croscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). In the initial stages

of corrosion, the PEC devices usually show dark spots in SEM, as shown in Figure 4A.

Those spots are typically �0.1–1 mm and have lower In and P signals and higher

arsenic signals in EDS (Figure 4C). The EDS data imply that the GaInP top junction

corrodes partially in the spots, leaving the GaAs middle junction exposed. This

corrosion could be related to the decrease in current density and photovoltage

(see Figure S5 for details) by losing some part of the top junction. In the later stage

of corrosion (Figures 4B and 4D–4G), the acidic electrolyte reaches and begins to

dissolve the GaAs middle junction. In addition, cracks appear surrounding the initial

corrosion spot, possibly because of the faster etch rate of GaAs compared to that of

GaInP. X-ray photoelectron spectroscopy (XPS) measurements before and after the

stability test show the deposition of dissolvedmaterials (see Figure S6). After the sta-

bility test, the arsenic peak is much larger than the P peak, and it also supports the

different etch rates between the GaInP top junction and GaAs middle junction. Fig-

ures 4H and 4I depict the suggested corrosion process. In Figure 4H, the initial corro-

sion takes place due to a pinhole in the protection layer. As the corrosion enlarges,

the acidic electrolyte contacts the GaAs middle junction, which is more vulnerable to

acid than GaInP, and wide areas underneath the top junction are dissolved. It causes

cracks along the crystalline orientation of the top junction surrounding the initial

corrosion spot, and the cracks eventually lead to delamination.
DISCUSSION

Further improvement of the PEC device is made possible by ensuring less reflection in

the broad range of wavelengths for all junctions. The TiO2 protection layer used in

this study works as a monolayer antireflective coating, which is not suitable for reducing

the reflection over a broad spectral range. Antireflection in a broad range could be

achieved by using a bilayer or multilayer structure made of two materials with different

refractive indexes just as the antireflective coating used for conventional solar cells. A

certain combination of transparent, conductive, and acid-stable materials could be

used for the purpose. Such materials could be prepared by, for example, adding dop-

ants to or changing the crystallinity of TiO2. A careful control on the thicknesses of mul-

tilayers made of such materials can lower the reflectance of the protection layer.

An ideal protection layer for the cathodic side of a PEC device should be stable,

transparent, conductive, and impermeable to electrolytes.56 Sputtered or atomic

layer deposition (ALD) TiO2 is a large band gap n-type material whose conduction

band is aligned closely with the hydrogen redox potential.29,57 These properties

make TiO2 suitable for the electron-conducting protection layer for photocathodes.

However, TiO2 prepared by sputter or ALD is not entirely impermeable to an elec-

trolyte because of pinholes in the protection layer. We presume that the pinholes

are created by either the grain boundary of TiO2 or small dust particles sitting on

the surface before TiO2 deposition.
Cell Reports Physical Science 1, 100261, December 23, 2020 9



Figure 4. The Surface Morphology of the PEC Devices Is Observed after the Reaction Using SEM

and EDS

(A and C) In the initial stage of corrosion, dark spots appear in the SEM image (scale bar: 5 mm).

Those spots have a lower composition of top junction materials (In and P) and a higher composition

of middle junction materials (As).

(B and D–G) In the later stage of corrosion, the cracks surrounding the corrosion spot appear as

shown in the SEM image (scale bar: 50 mm).

(H and I) Schematic diagrams of the corrosion process. Because of a pinhole in the protection layer,

the GaInP top junction begins to corrode in the initial stage. When the corrosion in the top junction

reaches the GaAs middle junction, the corrosion grows rapidly along the middle junction, and it

eventually leads to the delamination of the top junction.
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There are potential strategies suggested to improve the stability of PEC devices. For

example, pinholes in the protection layer could be reduced or eliminated by

improving film quality. Our previous study showed that high-power impulse magne-

tron sputtering (HiPIMS) can deposit TiO2 thin films with higher mass density

compared to a direct current (DC) magnetron sputtering, which reduces the size

and number of pinholes in TiO2 protection layers. This significantly improves the
10 Cell Reports Physical Science 1, 100261, December 23, 2020
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stability of Si photocathodes tested in KOH. Similarly, epitaxial deposition of the

protection layer could improve stability by removing pinholes and preventing any

contact with electrolytes.21,26

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and materials should be directed to

and will be fulfilled by the Lead Contact, Ib Chorkendorff (ibchork@fysik.dtu.dk).

Materials Availability

This study did not generate new unique materials.

Data and Code Availability

The experimental data and calculation code generated in this study are available

from the Lead Contact upon request.

PEC Device Preparation

We prepared the PEC devices in an International Organization for Standardization

(ISO) class 5 cleanroom to reduce contamination during the preparation. The solar

cell used in this study was purchased from AZUR SPACE Solar Power GmbH. As-

purchased wafers were cleaned by sonication in ethanol and water for 2 min

each, rinsing in 1 M HCl for 2 min and water for 5 min. The back side of the solar

cell (p-Ge substrate) was cleaned by Ar sputtering once more and covered with

10 nm of Au in a sputter chamber to provide an electrical contact. Au was chosen

as the contact layer because Au will form an ohmic contact with p-type Ge by

Fermi level pinning nearby to the valence band edge of Ge58–60 and would not

be oxidized during sample preparation. After the Au deposition, 2 mm Ti was

deposited on top of the Au layer using an e-beam evaporator. Before the deposi-

tion on the front side, the wafer was treated in a mixture of citric acid solution (50

wt%) and hydrogen peroxide (30%) in a 5:1 ratio for 3 min.61 The front side of the

solar cell was covered by 3 nm metallic Ti and the controlled thickness of TiO2

deposited at 250�C using ALD. The wafer was diced using a diamond saw. To pre-

vent damage to the solar cell junctions, the cutting started from the back side of

the wafer (Ge substrate), and the depth of cutting was 80 mm, which is approxi-

mately half of the total thickness of the wafer (150 mm). The tessellated wafer

was cleaved into small pieces (1 cm2). Before performing the PEC experiments,

0.5 nm of Pt and 10 nm of IrO2 were deposited on the front and back sides of

the sample as HER and OER catalysts, respectively.

The preparation procedure for a wired sample is the same as the wireless sample un-

til Au deposition. After Au deposition, the wafer was diced into small pieces (1 cm2).

Then, the Ti, TiO2, and Pt layers were deposited successively using a sputter depo-

sition with a shadowmask to prevent the deposition of materials on the edge-side of

the wafer. The back side covered by the Au layer was connected to a Cu wire using

Ag paste. The Cu wire and the wafer were encapsulated in a glass tube and epoxy

(Loctite Hysol 1C) with an opening area in the front side (�0.2 cm2). The Cu wire

led to a counter electrode, which was prepared by soaking an Au mesh into 1 mM

IrCl3 and annealed in air at 400�C.

Characterization

The light source used in this study was a Xe lamp with an AM 1.5 G filter (Oriel). The

spectral intensity of the light source was measured using a spectrophotometer
Cell Reports Physical Science 1, 100261, December 23, 2020 11
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(Ocean Optics, USB4000-UV-vis [ultraviolet-visible]). We calibrated the light inten-

sity integrated over the detectable wavelength range to be the same as the standard

AM1.5G spectrum in the same range (68.4mW/cm2 in 300–900 nm; see Figure S1A).

The reflectance and thickness of the TiO2 films were measured by ellipsometry, and

the surface morphology was observed using SEM and EDS.

The wired devices are investigated in a three-electrode setup. The electrolyte

was 0.1 M HClO4 (pH 1), the OER counter electrode was IrO2 deposited on a

gold mesh, and the reference electrode was Hg/Hg2SO4. The stability of the

wired samples was examined by chronoamperometry at 0 V versus IrO2. The

performance of the wireless samples was measured in a compression cell filled

with 1 M HClO4 (pH 0). The design of the compression cell is depicted in Fig-

ure 1A. The compression cell was a two-compartment cell separated by a Nafion

117 membrane. The electrolyte in H2 and O2 compartments was saturated by H2

and O2, respectively. The surface area of the PEC device opened to the electro-

lyte was 0.2 cm2, and the thickness of the water layer was kept to �1 mm to

minimize the loss by infrared absorption. The ohmic resistance inside the cell

was measured at 48 ohms (see Figure S7A), and it led to 90–100 mV ohmic

voltage drop. Each compartment has a connection to a eudiometer (graduation

size: 50 mL, total volume: 25 mL) for capturing gas products. Before testing sam-

ples in the compression cell, the sample surface was cleaned with O2 plasma in

a vacuum chamber and kept under UV light in air to remove organic contamina-

tion. The cleaning process makes the surface hydrophilic and facilitates bubble

removal through the shallow water layer. We also carried out a leak test to

determine the loss by leakage or crossover of the product by using a thin eudi-

ometer (graduation size: 10 mL, total volume: 1 mL). The expected amount of

products from 0.2 cm2 of the active area was �1 mL H2 and 0.5 mL O2 over

1 h, and this leakage was found to be <1% of the expected amount of products

(�10 and �5 mL/h for H2 and O2 compartments each).
SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.xcrp.

2020.100261.
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33. Döscher, H., Geisz, J.F., Deutsch, T.G., and
Turner, J.A. (2014). Sunlight absorption in
water-efficiency and design implications for
photoelectrochemical devices. Energy Environ.
Sci. 7, 2951–2956.

34. Babaro, J.P., West, K.G., and Hamadani, B.H.
(2016). Spectral response measurements of
multijunction solar cells with low shunt
resistance and breakdown voltages. Energy
Sci. Eng. 4, 372–382.

35. Barrigón, E., Espinet-González, P., Contreras,
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