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Introduction

. The .(‘FreeHydroCeIIs project SRR Funded by the

> European Union

*

OBJECTIVE:

Create a novel tandem monolithic photoelectrochemical (PEC) cell
to split water unassisted — cheap, efficient and modular H, generating solution

o Materials development for photoelectrodes

» Novel materials:
» doping TCOs and TMDs as N-type or P-type semiconductors

 thickness, bandgap, conductivity
« recombination reduction through defect saturation

* solar absorption optimization

» Monolithic PEC cell engineering:
* integration in multilayer PN-junctions
« cascading bandgap alignment, redox alignment
* maximum light absorption and STH efficiency

Thin Film Thickness (nanometres)
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Numerical model description

. Physical description OBJECTIVE

Optimization of PEC system design and operating conditions to:
* minimize the (optical and ohmic) impact of bubbles
« enhance ionic transport between compartments
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Numerical model description

. Physical description OBJECTIVE

Optimization of PEC system design and operating conditions to:
* minimize the (optical and ohmic) impact of bubbles
« enhance ionic transport between compartments

electrolyte & gases outlets

T T | 2D steady system-scale model including:
lonic transport Two-phase . : -
‘ {Iaminzrﬂow] _two_-phase laminar flow (mlxturg quel from S_chlll_lngsl)
|  jonic transport by convection, diffusion and migration

HER / OER reactions (Butler-Volmer with mass-transport)

Reaction (HER) Reaction (OER) bulk reactions and water self-ionization

[Hyd rogen Evolution Oxygen Evolution]

[Bu‘lk reactions]

cathode

|
side anode side

electrolyte inlets (K,C0;) Lschillings et al. (2015) Int. J. Heat Mass Transf. 85, 292-299
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Numerical model description

. Physical description OBJECTIVE

Optimization of PEC system design and operating conditions to:
* minimize the (optical and ohmic) impact of bubbles
enhance ionic transport between compartments

electrolyte & gases outlets

f

\ lonic transport

T | 2D steady system-scale model including:
Two-phase
laminar flow

two-phase laminar flow (mixture model from Schillings?)
lonic transport by convection, diffusion and migration

Oxygen Evolution « HER/ OER reactions (Butler-Volmer with mass-transport)
Reaction (OER) bulk reactions and water self-ionization

Hydrogen Evolution
Reaction (HER)

[Bu‘lk reactions] 2H,0 + 2e~ - H, + 20H-  (HER)

cathode | _ _
or cide 20H™ - 1/2 0, + H,0 + 2~ (OER)

side

electrolyte inlets (K,C0;) 1Schillings et al. (2015) Int. J. Heat Mass Transf. 85, 292-299
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Numerical model description

. Physical description OBJECTIVE

Optimization of PEC system design and operating conditions to:
* minimize the (optical and ohmic) impact of bubbles
« enhance ionic transport between compartments

electrolyte & gases outlets

T T | 2D steady system-scale model including:
lonic transport Two-phase . : -
‘ {Iamianﬂow] _two_-phase laminar flow (mlxturg quel from S_chlll_lngsl)
|  jonic transport by convection, diffusion and migration

HER / OER reactions (Butler-Volmer with mass-transport)

Reaction (HER) Reaction (OER) bulk reactions and water self-ionization

[Hyd rogen Evolution Oxygen Evolution]

) _{ . i — ]
cathode [Bulk reactions] HCO3 = H™ 4 C03 CO, + H,0 = Ht + HCO;
| = - — - —
side anode side CO, + OH™ 2 HCO;  HCO3 + OH™ = H,0 + CO3
electrolyle inlets (K,C03) Lschillings et al. (2015) Int. J. Heat Mass Transf. 85, 292-299
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|  jonic transport by convection, diffusion and migration

[Hyd rogen Evolution

Oxygen Evolution « HER/ OER reactions (Butler-Volmer with mass-transport)
Reaction (HER)

Reaction (OER) * bulk reactions and water self-ionization

+ electroneutrality condition and stationary charge

E'3u‘lk reactions : : : .
cathode [ | ] conservation to evaluate the electric potential distribution
side anode side
electrolyte inlets (KZCOS) 1Schillings; et al. (2015) Int. J. Heat Mass Transf. 85, 292-299
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Numerical model description

. Comparison with existing models of two-phase hydrodynamics in (photo)electrochemical reactors
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Numerical model description

. Comparison with existing models of two-phase hydrodynamics in (photo)electrochemical reactors

« Methods for two-phase flow modeling: discrete phase, two-fluid or *mixture model

« Coupled with electrochemistry or not (constant input current density)
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Numerical model description

. Comparison with existing models of two-phase hydrodynamics in (photo)electrochemical reactors

« Methods for two-phase flow modeling: discrete phase, two-fluid or *mixture model

« Coupled with electrochemistry or not (constant input current density)

dark electrolyzers

Li et al. (2024) Appl. Therm. Eng. 245, 122890

Aldas et al. (2008) Int. J. Hydrog. Energy 33, 3668-75
Mat and Aldas (2005) Int. J. Hydrog. Energy 30, 411-20
Aldas (2004) App. Math. Comput. 154, 507-519

Mandin et al. (2005) Electrochim. Acta 51, 1140-56

*Dahlkild (2001) J. Fluid Mechanics 428, 249-72
photo-electrolyzers

Yang et al. (2024) Ind. Eng. Chem. Res. 63, 14403-16

*Bedoya-Lora et al. (2023) Electrochim. Acta 462, 142703
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Numerical model description

. Comparison with existing models of two-phase hydrodynamics in (photo)electrochemical reactors

« Methods for two-phase flow modeling: discrete phase, two-fluid or *mixture model

« Coupled with electrochemistry or not (constant input current density)

dark electrolyzers Originality lies in system configuration

Li et al. (2024) Appl. Therm. Eng. 245, 122890

Aldas et al. (2008) Int. J. Hydrog. Energy 33, 3668-75

Mat and Aldas (2005) Int. J. Hydrog. Energy 30, 411-20 mostly 2D steady 2D steady
Mandin et al. (2005) Electrochim. Acta 51, 1140-56 (few photo-reactors) dark electrolyzer
*Dahlkild (2001) J. Fluid Mechanics 428, 249-72 wired cells monolithic cell

photo-electrolyzers mostly membrane-less Nafion membranes

Yang et al. (2024) Ind. Eng. Chem. Res. 63, 14403-16
*Bedoya-Lora et al. (2023) Electrochim. Acta 462, 142703
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Numerical model description

. Main input and output parameters

W COMSOL

MAIN INPUTS
geometry
operating conditions
bubble radius
chemical kinetics
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Numerical model description

. Main input and output parameters

W COMSOL
MAIN INPUTS cql‘hode
geometry side (Hy)
operating conditions 2
bubble radius "
chemical kinetics

30(10

10
A 4 A

electrolyte & gases outlets

anode

side (0,)

2

P

N

LC cell

0.7

afion®

mlembrane

electrolyte inlets (K,C0)

input variable value

Eporr 1.8V
pHin 12
Q, 0.1 L/min
P,, 101325 Pa
T,p 25 °C
T 30 pm
{0,0ER 10™* A/m2
{0 HER 10 A/m?
Xanode 0.5
Xcathode 0.5

state-of-the-art kinetic inputs?

2Haussener et al. (2012) EES 5, 9922-9935
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Numerical model description

. Main input and output parameters

W COMSOL

MAIN INPUTS
geometry
operating conditions
bubble radius
chemical kinetics

MAIN OUTPUTS
gas fraction, gas flow rates
lonic concentrations
electric potential, overpotentials
current densities, total current
electrolyte velocity, pressure
+ optical loss due to bubbles

electrolyte & gases outlets

cathode
side (H,)

30| 10

l v. A

anode

S{fde (0,)

PEC cell
0.7

A ~ i)

membrane

electrolyte inlets (K,C0)

input variable value

Econ 1.8V
pHin 12
Q, 0.1 L/min
P,, 101325 Pa
T,p 25 °C
T 30 um
{0.0ER 10™* A/m2
{0 HER 10 A/m?
Xanode 0.5
Xcathode 0.5

state-of-the-art kinetic inputs?

2Haussener et al. (2012) EES 5, 9922-9935
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Numerical model description

. Calculation of optical loss (additional output)

electrolyte & gases outlets

cathode anode
side (H,) ll side (0,)
282
PEC cell
10
10 Nafion®
mlembrane

electrolyte inlets (K,C03)

* incident power: Doax = Lcezsz<Pid/1 incident spectral
T

irradiance (AM1.5G)
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Numerical model description

. Calculation of optical loss (additional output)

electrolyte & gases outlets * incident power: @4y = LeeyD f ‘PLCM/P incident spectral
A irradiance (AM1.5G)

cathode {{ anode * power transmitted through the bubble plume:
side (H,) || side (0,) . .
21> transmitted fraction  p pple radius
- ® D j ] ( . ) did f( T ¢ ) 3CC_¥tl
= , 5, : a,nr, = eXx —
PEC cell "m0 Af A i 7S TP\ T
10 cell gas fraction liquid thickness
10 Nafion®
membrane

electrolyte inlets (K,C03)
3Bedoya-Lora et al. (2023) Electrochim. Acta 462, 142703
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Numerical model description

. Calculation of optical loss (additional output)

electrolyte & gases outlets ° incident power: @y, = LeeyD f <Pi(l/1/> incident spectral
A irradiance (AM1.5G)
cathode || anode - power transmitted through the bubble plume:
side (H,) || side (0,) . .
21 transmitted fraction  p pple radius
- ® DJ ] ( t) did f( T t) 3CC_¥tl
= T, ; a, 1y, t) =exp| —
PEC cell "m0 Af A i 7S TP\ T
10 cell gas fraction liquid thickness
b « power transmitted through bubbles + liquid:
10| | fMarion® o= [ [ aftan wpdidy
miembrane L7 L' _
cell transmittance

of electrolyte
electrolyte inlets (K,C03)
3Bedoya-Lora et al. (2023) Electrochim. Acta 462, 142703
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Numerical model description

. Calculation of optical loss (additional output)

electrolyte & gases outlets ° incident power: @y, = LeeyD f <Pi(l/1/> incident spectral
A irradiance (AM1.5G)
cathode || anode - power transmitted through the bubble plume:
side (H,) || side (0,) . .
21 transmitted fraction  p pple radius
- ® DJ ] ( t) did f( T t) SCC_Ztl
= T, ; a, 1y, t) =exp| —
PEC cell "m0 Af A i 7S TP\ T
10 cell gas fraction liquid thickness
b « power transmitted through bubbles + liquid:
o | o o= [ [ aftan wpdidy ™
morane
Leeu' 4 k—ytransmittance » fioss =1— b
X max

of electrolyte
electrolyte inlets (K,C03)
3Bedoya-Lora et al. (2023) Electrochim. Acta 462, 142703
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Numerical model description

. Calculation of optical loss (additional output)

electrolyte & gases outlets * incident power: @4y = LeeyD f ‘PLCM/’ incident spectral
A irradiance (AM1.5G)
cathode {{ anode - power transmitted through the bubble plume:
side (H,) || side (0,) . .
51 transmitted fraction  p pple radius

3Cat,
47"b

f fa, Tbm f (f" rTb' “Q 3 &XP <_

_— q)b _ ) j
t PIEC cell
10 & Lcell A

R * power transmitted through bubbles + liquid:

+ T

gas fraction liquid thickness

10 zgfg%};ine (I)lb = Dj Tif(a; Ty, tl)gold)ldy q)(l)b
Leew K_ytransmittance » Jioss = 1= P
) oH of electrolyte b

electrolyte inlets|(K,C03)
3Bedoya-Lora et al. (2023) Electrochim. Acta 462, 142703
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Results and discussion

. Influence of cell dimensions A 0045

I0.04

Gas fraction «

| cell |
1 10.03
\ 10,02
membrane
0.01
cathode / anode
side (H,) side (0,) 0
 Reduced H, flux when cell size increases

1 cm? — 3.4 mL/h/cm?
n cm?2 (confidential) — 0.8 mL/h/cm?
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Results and discussion

A 0.086
. Influence of cell dimensions A 0.045 Gas fraction a I004
Gas fraction « I0.04 - cell |
S amnle
P cell | [10-03
10.03 ]
- a cell L 0.02
\ - 10.02 [ cell
e S | cell S 0.01
ofs ge (0
0.01
cathode ‘ / anode 0
side (H S{[e[X () .
) (02) 0 - Better to couple multiple small cells
ncellsof 1cm?* — 3.1 mL/h/cm? RIEEilY @&
- Reduced H, flux when cell size increases
1 cm?2 — 3.4 mL/h/cm?2 o BUT increased optical loss due to bubbles
n cm? (confidential) — 0.8 mL/h/cm? ncm? — 4% VS ncells of 1 cm? - 10%
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Results and discussion

. Influence of inlet pH

60 60 § « H, flux significantly increases with pH up to a plateau
N /)]
E >0 >0 E * High pHinfluence in the range [11.5-14.5]
£ 40 40
_EI 30 30 % » At low pH, low OH™ concentration at anode hinders
= O the OER reaction
2 20 20 9
< 10 10 » « Optical losses increase with pH up to a plateau
® : .
S (due to increased gas generation)
0 0 &
11.5 12.5 13.5 14.5 ©

@ Non-negligible optical losses for high H, flux (40%)
electrolyte pH (-) ]
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Results and discussion

. Influence of electrolyte thickness at constant flow rate

* H, flux increases with thickness

electrolyte & gases 5 25 ~
outlets . > up to a plateau

N ubbles 7)) .. .

g 4 liquid &P 20 % - Monotonic increase of optical losses
cathode g 3 15 CZU with thickness (due to increased gas
side (H,) —E' < = generation and bubble accumulation)

-~ Q.

[2 x 2 10 5 60 maximum inlet

z\' 1 pubbles. - % 40 | velocity (cm/s)
PEC c4ll B TS Ll —> % 20 \\H
Nafion® 0 == 0 < 0 B

membrane 05 15 25 35 45 05 25 45
thickness of electrolyte thickness (mm)

compartments (mm)
electrolyte inlets

(K2C03)
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Results and discussion

. Influence of electrolyte thickness at constant flow rate

* H, flux increases with thickness

electrolyte & gases 5 25 ~
outlets . > up to a plateau

N ubbles 7)) .. .

g 4 liquid &P 20 % - Monotonic increase of optical losses
cathode g 3 15 CZU with thickness (due to increased gas
side (H,) —E' < = generation and bubble accumulation)

-~ Q.

[2 x 2 10 5 60 maximum inlet

..—_N 1 bubbles. - % 40 | velocity (cm/s)

e D B L \

PEC cdll T S 20 |
Nafion® 0 == 0 < 0 B
membrane 05 15 25 35 45 05 25 45
thickness of electrolyte thickness (mm)
compartments (mm)
electrolyte inlets » Optimum * determination

(K2C03)
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Conclusion

. Numerical results

« Coupling multiple small cells is recommended for increased H, flux @@ increased optical losses

« Optimal electrolyte thickness and inlet pH can be determined for a given set of inputs
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Conclusion

. Numerical results

« Coupling multiple small cells is recommended for increased H, flux @@ increased optical losses

« Optimal electrolyte thickness and inlet pH can be determined for a given set of inputs

. Future work

Experimental validation using literature data (monolithic cell under development)

Comparison of several electrolytes and membrane types

Influence of membrane dimensions

Photocurrent estimation & additional coupling considering optical losses?
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Results and discussion

. Influence of cell dimensions

A 248
Concentration [OH~] (mol/m?3)

ceI

PEC

cell
cathode |
side (H,)

25 Concentration [0H~] (mol/m?3)

A 26.7

e
b

| -

cathode - anode
side (H,) side (0,)
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Results and discussion

. Influence of cell dimensions

A (0.28 A0.19
Electric potential (V) Electric potential (V)
0.25 - 0.25
cell 5 cells

m: 020 e 020
10.15 10.15
PEC ”)embra”e 0.10 0.10
0.05 0.05

0 0
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Results and discussion

. Influence of cell dimensions

Concentration [C02~] (mol/m3) 450 Concentration [K*] (mol/m3) 1600
5 cells 400 5 cells 1500
example example 11400
1 350 cel
11300
1300 cel
11200
250 cel
1100
200 1000
150 900
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Results and discussion

. Influence of inlet pH

80 160 o 7 500
N
__ 70 = | 140 £ £
£ 60 « 120 < 2 6000
L e E
< 50 100 = © 4 500
— > O
£ 40 80 = O
x 30 60 & © 3000
= 20 40 = 0
> S T 1500
T 10 20 £ T
- -
0 0 O — 0
11.5 12.5 13.5 14.5 11.5 12.5 13.5 14.5
electrolyte pH (-) electrolyte pH (-)
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