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A precious metal-free sequential series multijunction dye-
sensitized solar cells (SSM-DSCs)-powered water electrolysis
system is demonstrated using NanoCOT and NiMoZn electrodes.
A stable 3.9% solar-to-hydrogen (STH) efficiency is achieved
using a recently reported black organic dye and graphene
electrodes for DSCs.

Finding sustainable energy production systems is one of the most
pressing challenges of the 21%t century.’ 2 Production of hydrogen
(H,) from water on large scale with the only energy input being from
the sun is an attractive method for a sustainable energy future.> *
While solar-to-electric energy conversion is gaining widespread
utilization, systems are critically needed to mitigate the intermittent
nature of sunlight.> > © In this regard, solar-to-fuel conversion
systems are a promising solution, in that, fuels can be generated
during solar irradiation hours, stored for extended time periods, and
used on demand during dark hours.? 7 Water splitting to generate H,
and O, is one of the most straightforward approaches that can
address the global need for a fuel on a larger scale. Additionally, H,
is a zero-emission fuel with a higher gravimetric heating value
compared to gasoline and diesel which can be stored and
transported.* & The design of systems that can power the water-
splitting reaction without the use of precious metals is highly
desirable.> 4 Two interesting strategies for solar powered water
splitting are through the use of photoelectrochemical cells (PECs)
and photovoltaic-electrochemical cells (PV-ECs).* While examples of
these systems are known in the literature, none are currently
economically viable on a global scale.® 1° The advantage of the PV-EC
approach is that each component can be optimized separately for a
specific role in a full system.!! Precious metal-free PV-EC water
splitting systems are urgently needed to demonstrate the use of
inherently low-cost materials toward solar-to-fuel conversion. This
manuscript puts forward a PV-EC system using only precious metal-
free components based on abundant materials both for the
photovoltaic (PV) and electrocatalyst (EC) components (Fig. 1).
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Fig. 1. Comparison of a prior SSM-DSC-EC system with key
component changes shown.

A minimum thermodynamic potential energy for water splitting
of —1.23 V (AE°, standard reaction potential) must be supplied to
allow for the cathodic (2H* + 2e” 2 H,) and anodic (H,0 = 2e™ + 2H*
+ % 0,) half-reactions.” With catalyst overpotential requirements in
mind, practically 1.9-2.0 V of overall energy is required for efficient
water splitting from a photovoltaic cell since catalyst overpotentials
and practical current densities (which are potential dependent) must
be accounted for.”> 12 However, sluggish kinetics of the oxygen
evolution reaction (OER) and widespread use of precious metal-
based catalysts (Ru, Ir, and Pt) have traditionally lowered the
practicality for large scale application of a PV-EC system.13 14
Recently, a nanostructured carbon, oxygen and titanium-based
(NanoCOT) with high efficiency for the OER as an anode was
reported.’> NanoCOT has shown impressively enhanced catalytic
activity under alkaline conditions due to its nanostructured nature
and dominant presence of reduced Ti states as active sites.!®
Similarly, electrocatalytic NiMoZn (nickel, molybdenum, and zinc) as
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a ternary alloy based on the earth-abundant metals is very promising
as a cathode.®

With precious metal-free electrodes available as electrocatalysts,
a photovoltaic system with a single illuminated area sequential series
multijunction (SSM)-DSC was selected as the power source for a PV-
EC system.17-18 DSCs are unique in terms of aesthetics, scalability, low
light performance and precious metal-free material options.'*2> The
incredible performance of DSCs in low light situations makes them
ideal for a multilayer construct with a single illuminated area where
photon flux is filtered by the upper active layers resulting in low light
conditions for the bottom active layers. In SSM-DSCs, high energy
photons are used by the upper active layers to generate high
photovoltages, and lower energy photons can be harvested using
near-infrared (NIR) sensitizers as lower active layers.2® In our recent
report, SSM-DSCs with three subcells achieved a greater than 2.3 V
output, 10.1% solar-to-electric conversion, and 6.6% solar-to-
hydrogen (STH) conversion efficiency.?® However, the application of
a precious metal-based counter electrode (CE) such as Pt and
ruthenium-based sensitizers in the previously reported system could
lower practical applicability. To circumvent this, a precious metal-
free high photovoltage output SSM-DSC system is put forward (Fig.
1). From the prior system, the ruthenium dyes have been replaced
with a red organic dye Y123 and a recently reported organic black
dye AP25 (Fig. 2 and S1, Table S1, ESIt).17- 18 27 The sensitizers were
selected based on their complementary absorption profiles, efficient
use of low light intensity, and ability to work efficiently on thinner
cells with metal complex redox shuttles (Fig. S2-S3, Table S1, ESIt).17:
18 Additionally, the Pt counter electrode has been replaced by either
graphene nanoplatelets (GNP) for transparent counter electrodes or
poly(3,4-ethylenedioxythiophene) (PEDOT) for the final non-
transparent counter electrode.?8 29

H13CQO
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H13Ce0O O _CeHis
/ \ / COOH s
7

O o
&

Y123 d

Fig. 2. Chemical structures of sensitizers Y123, AP25 and B11.

The power conversion efficiency (PCE) of single DSCs and SSM-
DSCs was calculated according to the equation PCE = (Ji. X Vo X FF)/lg
where Jg is the short-circuit current density, V,. is the open-circuit
voltage, FF is the fill factor and /y is the intensity of the incident light
(1 sun, air mass 1.5G). First, GNP performance was tested with
organic dye Y123 and Co(bpy)s3*/2* (bpy is 2,2'-bipyridine) as the
redox shuttle to optimize conditions. Device parameters were
studied as a performance matrix with the best device results having
minimal transmission losses were obtained by drop-casting a GNP
suspension (1 mg GNP ml™! isopropanol) and wiping off any excess
powder after the isopropanol had evaporated (Fig. S4 and Table S2,

2| J. Name., 2012, 00, 1-3

ESIT). The individual subcells were optimized in terms of TiO,
thickness, sensitizer absorption breadth, and redox shuttle choice
(Fig. S1-S3 and S5, Tables S1 and S3, ESIt). The film thickness and
sensitizer absorption profile mainly determine the photocurrent
output at each subcell and the number of transmitted photons to the
following subcells. Ideally, the photon flux within the SSM-DSC device
should be equally divided among the subcells. Thus, the first and
second subcells in the SSM-DSCs (Fig. 1) should employ the widest
optical gap sensitizer (D35, Aonset = 570 NM, Apay = 500 nm)30 31 and
the moderate optical gap sensitizer (Y123, Agnset = 650 Nm, Apay = 540
nm)32 with redox shuttles paired to generate the highest
photovoltage from thinner photoanodes to allow for photon passage
to the final narrow optical gap sensitizer (AP25, Agnset = 780 NM, Amax
660 = nm)?’” subcell (Table S1, ESIT).3336 The redox shuttle selection
determines the photovoltage output and the possible peak incident
photon-to-current conversion efficiency (IPCE) which changes with
counter electrode selection (Fig. S3 and S6, Table S4). The top subcell
with sensitizer D35 was paired with known Co(bpy-pz),3*/2* (where
bpy-pz is (6-1H-pyrazol-1-yl)-2,2'-bipyridine) as the redox shuttle for
a maximum possible V,. of 1.36 V.3% 31 D35 provides exceptional TiO,
surface insulation to slow recombination losses to the electrolyte
with a good photocurrent on relatively thin TiO, films.37 An optimized
thickness of 1.5 um was adopted for the front cell (D35, Fig. S5, Table
S3, ESIt) to give a balanced photocurrent density (5.7 mA cm2) with
transmission to the lower subcells in the SSM-DSC device. For the
second subcell with Y123, a thickness of 3 um was selected with the
Co(bpy)s**/?* redox shuttle (Fig. S5, Table S3, ESIT). Replacement of
Co(bpy-pz),3*/2* with Co(bpy);3*/2* was strategically done to achieve a
higher photocurrent (11.6 mA cm™2 compared to 9.4 mA cm ™2, Table
S3, ESIT) for the Y123-based DSC device which is roughly double that
of the first D35 subcell at 5.7 mA cm™2. For the final subcell, a co-
sensitized AP25+D35 device was tested both with GNP and PEDOT
counter electrodes (Table S3, ESIT) with an optimized TiO, active
layer thickness of 15 um (18 nm particle size) and a 5 um thick TiO,
(>100 nm particle size) scattering layer to collect all remaining
photons transmitted. An iodide/triiodide redox shuttle was used for
this subcell for maximal photocurrent density. PEDOT as the counter
electrode substantially outperforms a GNP based device with higher
values for all metrics (PCE of 7.5% compared to 2.2%, Table S3, Fig.
S5, ESIT). The IPCE spectra of the single and in the stack devices
(individually) are shown in Fig. S6, and S7 (ESIt), and the integrated
area values are in close agreement with the observed J,. values from
the J-V curves with a difference of less than 10%.

After optimizing the individual subcells, the full SSM-DSC device was
tested (Table 1 and Fig. 3). The photocurrent density of the 2" and
3rd subcells is lower due to filtered light as expected relative to the
subcells measured outside the construct. For a series connection, the
current through each subcell should be balanced for maximum PCE
values. If the currents are mismatched, then the PCE will be lowered
largely due to a reduction in FF observed via the IV curves. The
photocurrent is well matched in the D35-Co(bpy-pz),3*/2*/Y123-
Co(bpy);3*/2*/AP25+D35-1-/l;~ SSM-DSC system leading to a high
overall PCE of 8.5% (Table 1). See Table S4 and Fig. S8 (ESIT) for
additional SSM-DSC constructs with apparent mismatched
photocurrents. The generation of >5 mA cm2 throughout the SSM-
DSC device with a good FF (0.69) is made possible due to the very
high photocurrent generating AP25+D35 third subcell producing
electricity until 900 nm and the use of anti-reflective coatings to
reduce photon losses (Fig. S6, S7, ESIT).26,27, 38,39

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 5



Page 3 of 5

ChemComm

Table 1. Summary of DSCs device data for D35, Y123 and co-sensitized AP25+D35 dyes.?

Dye (TiO, Thickness)/Redox shuttle Position Voc (mV) Joc (MA cm™2) FF (%) PCE (%)
D35 (1.5 pm)/Co(bpy-pz),>72* front 1004 £ 5 57+ 0.3 64+ 1 37403
Y123 (3.0 g}/ Colbpyls™/2 itself 791 %20 11.6£0.2 71+1 65+0.2
CH PYls 2nd 788+ 3 47+01 76+ 1 28+0.1
- itself 608 + 11 180405 70+ 1 75+0.1
AP25+D35 (15 um)/(I7/15") 3rd 577 % 20 49+01 74+ 1 23+01
D35/Y123/AP25+D35 SSM-DSC | 2366+ 18 (2391) | 5.1£0.2(5.3) 69+2(67) | 8.2%03(85)

2 Only the AP25+D35 subcell employs a 5 um thick scattering layer (>100 nm TiO, nanoparticles). All the devices employ an antireflective
CYTOP coating. See the experimental section for device assembly details. Values are the average of 3 or more devices. Values in parenthesis
for the last entry are the highest values observed. “itself” is the device when measured out of the SSM-DSCs configuration. The terms 2nd
and 3™ refer to the subcell measured at that position in the SSM-DSC configuration.

——1stD35 1.5 um

b 80 . ——2nd Y1233.0 um
g 70 % ——3rd AP25+D35
< 60 Uoemee respective SSM-DSC
= 3 ;
= = 50
= w
a © a0
3 —— D35/Y123/AP25+D35 = 30
= —— D35/Y123/AP25+D35
g (400 nm filter) 20
3 10

0 T T 0 T T T

0.0 05 1.0 15 20 25 400 500 600 700 800 900

potential (V) wavelength (nm)

Fig. 3. Left: J-V curves for the optimized SSM-DSC device with and
without a 400 nm filter. Right: IPCE of individual DSC devices within
the SSM-DSC architecture (solid lines) and the summed spectra of the
full SSM-DSC device as a dashed line.

Prior precious metal-free dyes reported in literature have
typically not shown the IPCE breadth needed to generate ~5 mA cm 2
with <*650 nm photons being filtered by earlier subcells. The SSM-
DSC shows a higher overall PCE of 8.2% (8.5% champion SSM-DSC
device) compared to any individual device in the construct
(maximum PCE observed from a single subcell: 7.5%). Importantly, a
Vocof 2.4 Vis observed for this SSM-DSC device, which is high enough
to power the water-splitting reaction with many electrocatalyst
systems. The precious metal-free SSM-DSC device is comparable to
the PCE and photovoltage from the previously highest reported
precious metal-containing SSM-DSC device (PCE: 8.5% vs. 10.1% and
Voc: 2.4 V vs. 2.3 V, respectively).?6 Prior literature reports have
shown that it is critical to block <400 nm to avoid degradation of the
front Co-redox shuttle based subcell during prolonged irradiation.”
The addition of a 400 nm filter led to a small decrease in PCE to 8.1%
from 8.5% (Fig. 3, Table S5, ESIt).

A precious metal-free SSM-DSC with a maximum 2.4 V output is
attractive for powering  solar-to-fuel  conversion.*® The
electrocatalysts selected, NanoCOT (anode) and NiMoZn (cathode),
require a potential of 1.9 V to pass a current density of >2 mA cm™2
(Fig. 4). The SSM-DSC device is well suited to power this PV-EC
system with the selected electrodes since the 1.9 V potential is near
the maximum power point of the SSM-DSC device J-V curve. This
ensures that a maximum photocurrent can flow through this system
with minimal overpotential losses during water-splitting.!!

The SSM-DSC/NanoCOT/NiMoZn PV-EC system gives a solar-to-
hydrogen conversion efficiency of 3.9% according to the equation 1u,

This journal is © The Royal Society of Chemistry 20xx

= (Jop % EQomy) x FE)/I,, where J,, is the operating current
density(3.7 mA cm™2), Efy,0/,) is the thermodynamic
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Fig. 4. PV-EC J-Vresults. The EC components were measured in a two-
electrode setup in 0.1 M KOH, with a scan rate of 5 mV s™! (top). The
black dot highlights the operating point for a PV-EC device. J,, and FE
as a function of time is shown for the PV-EC system (bottom). Results
are representative of at least 3 devices.

free energy change (1.23 V for water splitting), FE is the faradaic
efficiency (86%), and M, is the solar-to-hydrogen conversion
efficiency (Fig. 4 and Table S6, ESIT).16 The precious metal-free PV-EC
system was found to power water splitting with a stable J,, and 71,
over the course of 5 hours (h) of continuous illumination without
signs of decomposition. After 5 h, the SSM-DSC device was
disconnected, and the J-V curve shows only modest changes (Fig. S8-
S9 and Table S7, ESIT). These findings are significant given the
potential for cost-effective fuel production when the raw materials
for the PV-EC systems in Figure 1 are compared with solar-to-fuel
efficiencies (Tables S8 & S9, ESIT).

In conclusion, by careful selection of components, a precious
metal-free PV-EC system was shown to power the water-splitting
reaction at 3.9% solar-to-hydrogen conversion efficiency. The PV, an
SSM-DSC device, was designed for balanced transmission and
absorption through strategically selected precious metal-free
organic sensitizers in place of the previously reported Ru-based

J. Name., 2013, 00, 1-3 | 3



ChemEomm

sensitizers and by adjusting the TiO, thicknesses to control photon
flux at each subcell. A solar-to-electric PCE of 8.5% with 2.4 V output
was observed. GNP and PEDOT were employed successfully as
replacement counter electrodes for Pt in the DSC subcell counter
electrodes. The SSM-DSC gave up to a 2.4 V output and was shown
to power a water-splitting system with NanoCOT/NiMoZn
(anode/cathode) electrocatalysts with sustained performance for 5
hours. The entirely precious metal-free photovoltaic-electrolysis
system demonstrated stable 3.9% solar-to-hydrogen efficiency.
Future directions include designing SSM-DSCs with even higher
photocurrents while retaining photovoltages near 2.4 V for PV-EC
systems to boost the overall solar-to-hydrogen conversion
efficiencies.
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