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ABSTRACT: Selective water oxidation to hydrogen peroxide has
emerged as an economically attractive replacement for oxygen in "

electrochemical hydrogen production by water splitting. Here, I ‘

¢

boron-doped diamond (BDD) is shown to be a promising anode

material for anodic H,O, formation. Faradaic efficiencies of up to o

31.7% at 2.90 V versus the reference hydrogen electrode and a 8 E §

current density of 39.8 mA cm™> were observed, corresponding to o< (%5

a H,0, production rate of 3.93 wmol min™" cm > A techno- © ‘
economic evaluation based on the experimentally obtained values " \ '

demonstrates that the corresponding levelized cost of hydrogen ‘ oo

(LCH) is significant ($62.0 kg™"). Particularly, the current market & i, 4 ‘ ‘

price of BDD limits its implementation as a selective water « %$}

oxidation anode for H,0, generation. The sensitivity analysis

however suggests that the LCH can be significantly improved by

either decreasing the anode cost or increasing the current density. Both approaches are in fact feasible to allow for cost-effective
electrochemical H, production and even competition with H, obtained from steam methane reforming. This study will guide
ongoing research efforts toward BDD development and implementation of selective water oxidation to hydrogen peroxide.

KEYWORDS: boron-doped diamond, hydrogen peroxide, selective electrochemical water oxidation, techno-economic analysis,
sensitivity analysis

B INTRODUCTION suggested solution to lower the hydrogen price in water
electrolysis is substitution of oxygen production by valuable
chemical co-production in a paired electrolysis approach.
Hydrogen peroxide (HP) is promising due to its high demand
in the industry and its usage as an environmental-friendly
oxidant.”*~'® A market value of $500 to $1200 ton™' clearly
indicates its financial benefits.'” HP formation by selective
oxidation of water occurs in alkaline media via eq 1'>'7

Electrochemical water splitting driven by renewable energy
sources is considered to be a promising carbon-free pathway
for the production of the “green” fuel hydrogen.'™ Such
electrochemical water splitting can be realized by water
electrolysis powered by renewable electricity [e.g., photovoltaic
(PV) cells or wind turbines]"*~* or alternatively by direct light
utilization [eg, us1ng a photoelectrochemical (PEC) cell or
photocatalysis].””"" Despite the promises of such an approach, 20H™ — H,0, + 2¢e E, = +1.78 Vvs RHE (1)
the process economics are not yet favorable. Shaner et al.

demonstrate that the levelized costs of hydrogen (LCHs) for thus resulting in the overall water splitting reaction of

photovoltaic electrolysis (PV-E) and PEC water splitting are 2H,0 - H,0, + H, (2)
$12.1 and $11.4 kg™ tively." M tly, Gri t
al a dvzrclat e LCH \%ah; el;eiff)zcélzez }; nd $(;r23r1cge_r} fz . P{;gn; ne d Electrification of H,0O, synthesis will allow for a sustainable

replacement of the industrial anthra%ulnone oxidation (AO)
process in a decentralized manner.">~*° This will not only
eliminate the need for harmful organic solvents in the synthesis

PEC, respectively,” thus indicating that PV-E is advantageous
over PEC systems. Still, water electrolysis is not yet able to
compete with the current price range of hydrogen obtained
through steam methane reforming (SMR), with the latter

correspondlng to ~$1.4 kg_l 1,12 Received: February 22, 2021 Ststalnable

Chenustry Engmeermg

Despite the fact that at the TW level, sustainable hydrogen Revised:  May 20, 2021
production can only be accomplished through overall water Published: June 1, 2021
splitting to hydrogen and oxygen, one of the major economic
disadvantages of water electrolysis is the comparably low
market value of co-produced oxygen ($35 ton™!)."* A recently
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Figure 1. Schematic of a PV-E configuration which can be used for industrial selective water splitting to H, and H,O,. Photon energy is converted
by a PV module into electrical energy, which is used to drive the oxidation reaction of hydroxyl ions to H,O, on a BDD anode and to drive the
reduction of water to H, on a suitable cathode. Water flows are used to harvest the products. Note that the image is not to scale: the area of the PV
modules is much larger than the area of the electrolyzer. Furthermore, oxygen evolution will also take place at the anode in addition to H,0, (not
depicted. As implied by this study, FEs will be roughly 30 and 70% for H,0, and O, production, respectively).

procedure but also reduce the requirement of the addition of
stabilizers required for transportation of concentrated H,O,
solutions. Thus, the development of selective water oxidation
to H,O, will allow for dedicated H,O, production facilities in a
co-electrolysis manner.”"** Such H,0, can then immediately
be used on-site for, for example, bleaching in the pulp and
textile industry or in a plant suited for treatment of wastewater
or exhaust air,"*™'

Electrochemical cathodic HP production from O, reduction
has been investigated thoroughly and has been commercialized
(e.g, via the Huron—Dow process).">**™*° In contrast,
interest in anodic HP production has reappeared only
recently.'>'%*">’ =1 Egpecially, metal oxides such as (modi-
fied) BiVO4,31_40 MnOx,41 CaSnOS,42 ZnO,*” and C\N co-
doped TiO," have been reported as promising materials for
selective H,0, production, but germanium porphyrins”™ and
aluminum porphyrins*® have also been investigated. In
electrochemistry, carbon-based materials have been widely
employed.”’ =% Especially, boron-doped diamond (BDD) is
alluring to study due to its robustness.'”*" Although carbon
electrodes have not been investigated thoroughly yet for
anodic H,O, production, the recent literature suggests BDD to
be an outstanding anode material.’' Here, Faradaic efficiencies
(FEs) of up to 28% [at 3.17 V vs reference hydrogen electrode
(RHE), in 2 M KHCOj, estimated to correspond roughly to a
H,0, production rate of 11 wmol min™' ¢cm™] have been
reported. In another study, Xia et al. focused on polytetra-
fluoroethylene (PTFE)-coated carbon fiber paper (CFP).*”
With a production rate of 23.4 ymol min~! em™ H,0, (at 2.4
V vs RHE) and FEs of up to 66%, these carbon-based
electrodes appear to be promising for anodic H,0, production,
but the long-term durability has yet to be revealed.

Here, we experimentally confirm that BDD is a promising
material for anodic H,0, production. Particularly, it is shown
that the FE can be further improved using sodium carbonate
(Na,CO;) as an electrolyte. Using our experimental data as
input, we performed a techno-economic analysis for an off-grid
PV-E system for coupled electrochemical H,/H,O, generation.
Furthermore, we performed a thorough sensitivity analysis of
the system to investigate the dependence of the LCH (i.e., the
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minimum price at which H, needs to be sold for the process to
be profitable) as a function of anode costs, H,0, price, and PV
module costs. Our analysis suggests that processes enabling H,
production at costs similar to those of SMR are feasible if the
cost of BDD is reduced and partial current densities toward
H,0, are improved.

B METHODOLOGY

Experimental Section. The experimental section is
described in detail in the Supporting Information.

Techno-Economic System Design. Economic evaluation
of the suitability of BDD has been performed, following
recently reported techno-economic evaluations performed by
this group.”> A PV-E cell is used, in which silicon-based PV
modules are utilized to harvest solar light. BDD is used as an
anode material allowing for simultaneous hydrogen peroxide
evolution and oxygen evolution. For cathodic hydrogen
evolution, platinum electrodes are considered. An anion-
exchange membrane (AEM) is assumed to separate the
compartments and to facilitate ion transport. A liquid
electrolyte flow containing carbonate, Na,CO; here, is
included in the anodic compartment. Water streams are
proposed to harvest the products of interest, that is, hydrogen
and HP. For future applications, a membrane electrode
assembly (MEA) configuration with gas streams for harvesting
at the cathode could be considered as well. A schematic
depiction of the principle of the setup is shown in Figure 1, and
the considered industrial process is depicted in Figure S3.

Cathodically produced H, is separated from the catholyte,
after which the liquid electrolyte is recycled. The hydrogen is
compressed and stored. The output at the anode side will,
apart from water and CO;>", consist of HP and oxygen. An
important aspect to consider is that H,0, is not stable under
alkaline conditions.">'”** For immediate on-site use of H,0,,
stabilization is not required. However, for H,O, storage,
acidification is necessary. For long-term storage also, the
addition of a stabilizer might be required. Carbonate present in
the anolyte will react to CO, which can be captured and
recycled by alkalinization. Depending on the application of the
PV-E plant, further water evaporation for a higher H,O,
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concentration is possible as well. A 100% efficiency in the

separation of chemicals is assumed in this work.
Techno-Economic Assumptions. The most important

techno-economic parameters are summarized in Tables 1 and

Table 1. Parameter Assumptions for a PV-Driven H,/H,0,
Electrolysis Cell with BDD as an Anode

parameter value
H, production scale***** 10t H,d™!
solar energy input®***° 619kWhm™2d™*
daily operating time 12 h
starting year 2022
project lifetime "> 20 years
PV replacement time"* 20 years
electrolyzer stack replacement time"* 7 years
PV efficiency™® 18.6%
capacity factor® 90%
inflation rate* 1.9%
tax rate® 38.9%
discount rate® 10%
H,0, price range $0.5-2.5 kg™
H,0, base-case price $1.5 kg™

2. Most values are adapted from previous work performed in
our group (and also in line with other techno-economic studies
on “classic” PEC water splitting).”” Here, it is assumed that the
off-grid PV-E plant is located in Daggett, California, USA, and
allows for production of 10 ton of H, per day.*>**° The solar
panel array will be tilted to the south under an angle of 35°.
Thus, an average solar energy input of 6.19 kW h m™> d™' is
considered. The daily operating time is 12 h at an efficiency of
18.6%.°° The PV-E lifetime is considered to be 20 years, and
no replacement of the PV cell is required within this period."*
The default electrolyzer stack replacement time is 7 years."*

In this article, the H,0, price range, the PV module cost
range, and the cost range of the BDD anode are investigated in
detail. On the basis of an estimated H,O, price range of $0.5—
$1.2 kg™" from 2006'>***” and taking into account a possible
inflation rate of ca. 1.9%,"* we roughly estimate the price range
in this study to be in the range of $0.5—2.5 kg™ with a base-
case value of $1.5 kg™'. The PV module cost range ($0.150—
0.300 W™, base-case $0.179 W_l) and PV module efficiency
are based on the costs for 275—2§0/330—335 W Multi
Modules as assessed on EnergyTrend.*® The additional wiring
and mounting costs are calculated to be 28.2 and 41.0% of the
sole PV module costs, respectively.58 It is assumed that the PV
modules are directly connected to the electrolyzer and that no
DC-DC converter is required (a DC—DC converter will allow
for optimal operation at all times but adds additional costs; it is
expected that efficiency losses due to non-optimized perform-
ance will be similar to efficiency losses caused by the DC—DC
converter)."® The anode cost of BDD is very uncertain and is
therefore investigated for a broad range. As the base-case cost
is estimated to be $26,500 m™2,>” the upper limit in this range
was defined at $100,000 m™2. The lower limit is set at $1 m™2,
in accordance with the cost range of anodes used in previous
techno-economic studies.”*** Considering ongoing improve-
ments in the synthesis of BDD and the economy of scale, BDD
costs are expected to decrease significantly. Ground costs
($0.15 m™2) are considered to be negligible.s’sz’55 Finally, it
should be noted that various parameters included in this study
are country-/location-dependent.
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Table 2. Economic Costs Used in a PV-Driven H,/H,0,
Electrolysis Cell with BDD as an Anode

parameter value

CAPEX
PV Configuration
$0.150—0.300 W'
$0.179 W'
28.2% of the PV module price
mounting (adapted from ref 58) 41.0% of the PV module price
Electrolysis Module

PV module cost range56
PV module base-case cost™

wiring (adapted from ref $8)

housing (adapted from refs 8 and $28 m™
52)

cathode (adapted from ref 1) $5 m™2

membrane® $50 m™

assembly® $20 m™

anode (BDD) cost range $1-10° m™

$26.5 X 10> m™
75% after 7 years and 60% after 14

anode (BDD) base-case cost™

electrolysis module replacement

costs years
Hard BoS
H, gas system (including gas M$11.5

compressors, piping, condensors,
A . 8
and intercooling)

H,O piping system®> (adapted from M$2.6
ref 8)

H,O0, piping system®” M$2.6
electrolyte, H,0, and H,0 Ms$5
separator””
process control system®” M$6
Soft BoS

20% of initial investment +
replacement costs

installation costs®

contingency costs® 30% of initial investment
5% of initial investment
OPEX

2% of initial CAPEX of the electrolysis
module, PV configuration, and hard
BoS a™

M$4.5 a~t

. . . 8
engineering and design costs

. 8,55
insurance

labor**

A flow chart of the economic model used is provided in
Figure S$4.”> Briefly, the model is based on calculating the
requirements to achieve a net present value (NPV) of 0, which
corresponds to the economic break-even point.”*** The NPV
is dependent on the yearly cash flow, the discount rate, and the
project lifetime. A mathematical description of the NPV
calculation can be found both in the Supporting Information
and in previous work.>> For detailed calculations on the
required area of the electrolyzer, the required area of PV
modules, and the amount of H,O, produced, we also refer to
the Supporting Information.

B EXPERIMENTAL RESULTS AND DISCUSSION

The electrochemical properties of BDD electrodes for selective water
oxidation to HP were investigated using either 1 M Na,CO; or 1 M
NaHCO; as an electrolyte (for further details regarding the
experimental procedures, see the Supporting Information). Compar-
ison of the two electrolytes revealed that the obtained FEs for HP
formation are beneficial in 1 M Na,COj; (Figure SS). In the literature,
it is often advocated that bicarbonates are essential to achieve
selectivity in water oxidation to H,0,.*”** Just recently, however, Xia
et al. reported for PTFE-coated CFP electrodes that 1 M Na,COj is
preferred over 1 M NaHCO,, in agreement with this study.””
Therefore, 1 M Na,CO; is used as an electrolyte to determine the
required input parameters for the techno-economic evaluation. The
cyclic voltammogram as well as the FE, the H,O, evolution rate, and

https://doi.org/10.1021/acssuschemeng.1c01244
ACS Sustainable Chem. Eng. 2021, 9, 7803—7812


https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c01244/suppl_file/sc1c01244_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c01244/suppl_file/sc1c01244_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c01244/suppl_file/sc1c01244_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c01244/suppl_file/sc1c01244_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c01244/suppl_file/sc1c01244_si_001.pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c01244?rel=cite-as&ref=PDF&jav=VoR

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

(a)

(b)

50 40
35
" 30 LY
S —_ L
E 301 E 25 L
< S 20-
E L. g 3
= ld_J 15
HEH
10 101
5_
01 . ; : : 0 . ‘ . .
05 10 15 20 25 30 2.5 2.6 2.7 2.8 29 3.0
E-iR, (V vs. RHE) E-iR, (V vs. RHE)
(c)
5 ; 16
HH
& 4 F14
5 * 12 o~
E 34 b 10 §
<
3, -
81 | L4 _:.
Q4]
= =l L2
o
0 ‘ . ‘ . 0
2.5 26 2.7 2.8 2.9 3.0

E-iR. (V vs. RHE)

Figure 2. (a) Cyclic voltammetry (CV) curve of BDD electrodes on a niobium substrate measured in 1 M Na,CO; with a Ag/AgCl (3 M NaCl)
reference electrode and a Pt counter electrode. (b) FE as a function of applied voltage. (c) H,0, production rate and partial current density as a
function of the applied voltage. Note that data in (b,c) have been corrected for H,0, degradation (see Figure S2 for further information).

the H,O, partial current density obtained with BDD anodes are
depicted in Figure 2. The onset potential for water oxidation is
defined to be 2.1 V versus RHE at 0.2 mA/cm? (using the forward
scan), corresponding to an overpotential of at least 320 mV for HP
production. The optimal FE is found to be of 31.7% at 2.90 V versus
RHE, resulting in a production rate of 3.93 ymol min™' cm™ It
should be noted that a non-optimized simple batch reactor was used
in this study. Optimization of the reactor and transport will likely
enable operation with even improved performance.

Compared to other materials, BDD anodes used in this study also
perform well. For example, when comparing to BiVO, anodes
reported by Shi et al,*® higher H,0, production rates were observed
in this study for potentials >2.8 V versus RHE. Moreover, the current
onset potential reported here is shifted negative compared to the
results reported by Mavrikis et al,*' possibly caused by the lower
conductivity and the resulting higher resistance of the HCO;~
electrolyte used by the latter. It is also shown that selective water
electrolysis to H,O, on BDD anodes yields higher FEs when used in
carbonate-containing electrolytes. Still, PTFE-coated CFP anodes
reported by Xia et al.>> outperform BDD. It is important to note
though that the electrochemically active surface area of BDD used
here is considerably smaller than that for CFP. The stability of BDD,
however, is expected to be a main advantage as other carbon-based
electrodes are known to be unstable at oxidative potentials.*>®" Still,
in ongoing studies using BDD as anodes, use of hydrophobic coatings
should be considered to further improve the selectivity to HP.

As stated, a major advantage of BDD over other types of anode
materials for HP production is its robustness and stability.” To get an
indication of the stability of BDD anodes during electrochemical
water oxidation, we determined the double-layer capacitance of BDD
prior to each measurement. For a detailed description on the
determination, we refer to the Supporting Information (Figures S6
and 87).°>% Although the error margin is relatively large in our
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experiments, there is no increase in real surface area of the electrodes.
It could even be argued that the capacitance slightly decreases over
the first six chronopotentiometry measurements performed, after
which it stabilizes. A possible explanation of the observed behavior is
the oxidation of initially present sp? carbon and its removal’!
Scanning electron microscopy (SEM) images also demonstrate that
BDD is stable throughout the measurements (Figure S7). We find
that the behavior of the chronopotentiometry measurements did not
change significantly overtime (Figure S8). Therefore, we considered
BDD to be a stable electrode material after initial surface activation, in
agreement with the literature and thus suitable for implementation at
the industrial scale.®’

B TECHNO-ECONOMIC ANALYSIS RESULTS AND
DISCUSSION

Techno-Economic Evaluation of Experimental Data.
To proceed with the evaluation of BDD anodes used in co-
electrolysis of H, and H,0, at the industrial scale, the
following initial assumptions were made: (i) the results of the
batch reactor can be translated to a flow system; (ii) the
maximum achievable FE for HP with BDD anodes is 31.7%;
(iii) to achieve a current density of approximately 100 mA/
cm?, a cell potential of ca. 3.7 V is required (see Figure S9);
(iv) the stability of the BDD allows for continuous operation
for 7 years; and (v) the FE toward H, at the cathode is 100%.
Although BDD has been around for several decades,”” full
commercialization of BDD has not yet been achieved. As of
2014, only five companies selling BDD were reported,”’ and
the costs per unit of area are still relatively high. Here, we
estimate the base-case BDD cost to be $26.5 X 10° m~2%
Considering the described boundaries, the anode costs were
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identified to be the main bottleneck for commercial
implementation of anodic H,0, production using BDD
electrodes. Current limited availability and future large-scale
production suggest that a significant drop in BDD costs can be
expected. Thus, in the following, a hydrogen cost analysis as a
function of anode costs and H,0, price (Figure 3a) or PV
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Figure 3. LCH as a function of anode costs and (a) H,0, price and
(b) PV module costs using parameters defined in Tables 1 and 2 and
using a current density of ca. 100 mA/cm? a voltage of ca. 3.7 V, and
an FE of 31.7%. The black solid line indicates the estimated base-case
costs of BDD. The blue dotted line is a representation of the
estimated LCH for “classic” PV-driven electrolysis ($9.16 kg™"),"*
whereas the red dotted line corresponds to the LCH produced by
SMR ($1.4 kg’l).l’12 The base-case values used are (a) $0.179 W!
for the PV module costs and (b) $1.5 kg™ for the H,O, price.

module costs (Figure 3b) is reported. As can be seen, for
example, from Figure 3a (very light-red area), at a H,0, price
of $1.5 kg™! and at an anode cost of $1000 m™2, the LCH is in
the range of $2—5 kg™ (at 0.179 $ W™ for the PV module
costs). In addition, Figure 3b shows that at a BDD cost of
~$2500 m~? and a H,0, price of $1.5 kg_l, the cost of
hydrogen would be in the same range of $2—5 kg_l, rather
independent of the cost of the PV module (in $ W'). The
most important values from Figure 3 are also summarized in
Tables 3 and 4.

It is very clear that the anode costs have a quite obvious
effect on the LCH. At high anode costs, the influence of the
H,O0, price and the PV module costs is negligible, and only for
BDD anode costs below $5000 m_z, a clear dependence of
H,0, price and PV module costs is observed.
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Table 3. Most Important LCH Values as a Function of H,0,
and Anode Costs as Derived from Figure 3a for a PV-E
System with a Current Density, a Voltage, and an FE of ca.
100 mA/cm?, ca. 3.7 V, and 31.7%, Respectively

H,0, price ($ kg™") anode costs (10° $ m™2) LCH ($ kg™)

0.5 26.5 67.4
2.62 9.16
0.01 2.89

1.5 26.5 62.0
4.81 9.16
1.63 14

2.5 26.5 56.7
7.01 9.16
3.82 1.4

Table 4. Most Important LCH Values as a Function of PV
Module and Anode Costs as Derived from Figure 3b for a
PV-E System with a Current Density, a Voltage, and an FE
of ca. 100 mA/cm?, ca. 3.7 V, and 31.7%, Respectively

PV module price ($ W) anode costs (10° $ m™2) LCH ($ kg™")
0.150 26.5 61.8
4.93 9.16
1.75 1.4
0.179 26.5 62.0
4.81 9.16
1.63 1.4
0.300 26.5 63.2
4.33 9.16
1.15 1.4

To be competitive with the “classic” H,/O, PV-E water
splitting approach,”® the BDD costs should drop below $4.81
X 10> m™% At $1.63 X 10° m™2 the calculated LCH is
competitive with current hydrogen market values (obtained
through SMR)."'* For comparison, the industrial price of
dimensionally stable anodes (DSAs) is estimated to be roughly
$3500 m~%°* underlining that lower BDD prices (i.e., in the
order of magnitude of $1—5 X 10° m™) can be achieved in the
future by scaling BDD production. Considering the depend-
ence of the LCH on the H,0, price, it is important to note
that even for low anode costs, a minimum H,O, price is
required to allow for competition with hydrogen production
via SMR. Based on this base-case scenario calculations, the
minimum H,0, market value is approximately $0.78 kg ™. This
minimum required H,O, price decreases when the current
density increases, although the effect is minor (e.g., over $0.74
kg for 500 mA cm™2).

Cost Comparison and Sensitivity Analysis. We proceed
to evaluate the dependence of the LCH as a function of input
parameters used in this study. First, we break down the
CAPEX and OPEX costs of the system (Figure 4a) and
perform a sensitivity analysis to elucidate the influence of the
CAPEX and OPEX costs on the LCH (Figure 4b). We
conclude that the CAPEX costs are more than 4.5 times higher
than the OPEX costs in the described scenario, and 72% of the
CAPEX costs are attributed solely to the electrolysis cell. While
this is not surprising, considering the estimated costs of the
BDD anode, it is worth noting that the area of the electrolysis
cell is considerably smaller than the area of the PV modules
used: 26.8 X 10° m® versus 1.05 X 10° m* Consequently,
reduction of the CAPEX costs has a far larger influence on the
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LCH than reduction of the OPEX costs, as highlighted in
Figure 4a,b. Specifically, the CAPEX costs associated with the
electrolysis cell should be decreased.

The sensitivity of the LCH was also analyzed for its
dependance on the applied current density, the applied cell
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voltage, the electrode stability, and the FE toward H,0,. The
results are summarized in Figure 4c. As demonstrated in our
previous study,” it is important to aim for a high replacement
time. Although there is only a small decrease in LCH when the
replacement time increases to 12 years (from $62.0 to $54.8
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kg™'), a significant increase is observed when the replacement
time is lowered to 3 years (from $62.0 to $95.1 kg').
Although there is only a mediocre impact of the FE on the
calculated LCH, the influence of the current density is
significant. This is easily understood by the relation of current
density and required anode area to produce the same
quantities of H,O, and H,, and thus, a significant decrease
of the total CAPEX can be achieved.

Remarkable is the very small contribution of the applied
voltage on the LCH. This voltage is dependent on the power
output of the PV module, which has a low cost compared to
the electrolysis cell. Practically, this implies that increasing the
voltage to obtain higher current densities is feasible, provided
that other process limitations, for example, intensive bubble
formation at the electrode surface, are avoidable. However, it
should be noted that when current densities are increased, the
cost ratio of the PV configuration/electrolyzer stack increases.
Thus, even if the LCH decreases with increasing current
densities, its voltage dependence will increase (in terms of
percentage).

In Figure 4d, we further evaluate the LCH as a function of
current density. When the current density is increased from
91.8 mA/cm* to 1 A/cm? the LCH is reduced significantly
from $62.0 to $3.13 kg_l, and already at 497 mA cm™?, the H,/
H,0, process will outperform “classic” water splitting despite
the significant costs of BDD. The break-even point for
competition with hydrogen produced through SMR is only
achieved at 1.41 A cm™?, implying that industrially relevant
current densities for cost-competitive H,/H,0, electrolysis
must be achieved. Obviously, the current densities required to
financially outperform hydrogen production from “classic” PV
water splitting or SMR decrease when the anode costs
decrease. For instance, at $10,000 m™2, these current densities
are 189 and 535 mA cm™?, respectively, and at a BDD cost of
$1000 mA cm™2, a significant drop in current densities to 20.6
and 58.4 mA cm™? (see Figure ) is calculated.

To purely highlight the large influence of the current density
in Figure 4d, no cell potential change was taken into account
yet. Although an increase in current density will result in a
decrease in the costs of the electrolyzer stack, the costs
associated with the required PV system will increase due to the
higher power output required. To be able to discuss the
voltage dependence on the LCH, we estimate the maximum
allowed voltage to enable hydrogen production at a cost of
$1.4 kg™' (in agreement with SMR) without exceeding an
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anode cost of ca. $1000 m™2. The results are depicted in Figure
6a. For small current densities (<400 mA cm™2), the maximum
allowed voltage is increasing. For current densities larger than
500 mA cm™2, however, the maximum allowed cell potential is
limited to approximately 11 V. Thus, the associated PV costs
become relatively more dominant in the total process cost
evaluation, and in fact, economic production is limited to a
maximum cell potential of 11 V. Indeed, the CAPEX values for
the electrolyzer stack and the PV configuration for low applied
cell potentials are initially in the same order of magnitude
(Figure 6b), with the latter becoming more dominant at >200
mA cm™* following the trend observed for the maximum
allowed cell voltage. The ratio between the CAPEX costs
increases linearly with an increasing current density (Figure
S10). From these data, it can be concluded that increasing the
current density is a sound approach in suppressing the costs for
the electrolyzer stack, provided that the voltage does not
exceed a calculated limiting potential value, with the latter
being relatively high and therefore likely not to be exceeded.

Further sensitivity analysis on the cathode costs, the
membrane costs, and the capacity factor is reported in Figure
S11 (although the influence of these parameters is not large).
For the sensitivity analysis on more general trends such as the
influence of solar energy input or tax rate, we refer to earlier
published work.>

Future Prospects. To allow for feasible implementation of
BDD in a H,/H,0, PV-E system, future experimental work
should aim at increasing the H,O, production rate and the
BDD stability and/or suppressing the BDD costs. For example,
Mavrikis et al. have already demonstrated that at higher
voltages, a production rate of 19.7 ymol min~' cm™ can be
achieved.”' A strategy to decrease the costs of the BDD anode
is to replace the substrate used for synthesis. Here, a niobium
substrate was utilized; however, with the use of a silicon
substrate, a significant drop in anode costs is envisioned.
Besides the lower costs of the substrate, BDD processing also
simplifies. While a two-sided coating is required on a niobium
substrate to prevent bending,59 stable single-side coatings can
be used on silicon substrates. Initial state-of-the-art experi-
ments have already been performed in our group, demonstrat-
ing that BDD on silicon substrates is suitable for anodic
production of H,O,. Future research should be aimed at
obtaining or even exceeding the same H,0, production rates
and FEs with convincing stabilities using such BDD-coated
silicon substrates.
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Alternatively, also, other carbon-based materials could be
investigated for their suitability in anodic H,0, production. A
good example of such a material would be the PTFE-coated
CFP used by Xia et al. (also see the Introduction).”” For
PTFE-coated CFP, excellent FEs and H,0, production rates
were determined and extended stability for several hours was
revealed. In addition, the costs associated with PTFE-coated
CFP are roughly a factor of 10—50 lower than the current
base-case costs of BDD (depending on the amount of PTFE
coated).”® The stability is remarkable as CEP likely consists of
sp>-carbon and oxidation is expected at potentials relevant for
HP synthesis.”"*° BDD being mainly carbon in sp>-hybrid-
ization should be favorable in this respect. A current density of
720 mA cm™ has in fact been reported with BDD showing
good corrosion conditions.”” For further verification for the
suitability in industrial applications, long-term stability tests are
required for both PTFE-coated CFP and BDD.

Finally, it is important to realize that the general trends
observed here in the context of hydrogen production by water
electrolysis can be translated into other electrochemical
processes of interest. Examples include (but are not limited
to) CO, reduction, nitrogen fixation, and selective oxygen
reduction to H,0,.

B CONCLUSIONS

In this article, BDD was investigated on both an experimental
level and a techno-economic level for its (commercial)
suitability as an anode material in an electrochemical H,/
H,0, process. Utilizing sodium carbonate as an electrolyte,
H,0, FEs of up to 31.7% at 2.90 V versus RHE with a
production rate of 3.93 umol min™' 2
Despite the promising nature of BDD in terms of H,O,
production rates and stability, the performed techno-economic
analysis revealed that the current market value of BDD
impedes its implementation in a H,/H,0, PV-E plant. By
means of a sensitivity analysis, we demonstrate that the best
approach to reach financial competitiveness with SMR for the
production of H, is either by lowering the anode costs or by
increasing the production rates, that is, current densities. In the
latter case, care should be taken not to exceed a limiting
maximum potential provided by the PV module.

cm™~~ were determined.
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