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Experimental section
The detailed derivation for the STF efficiency:

For a common PV-EC system, it usually contains three parts: the PV device as a solar energy
input, an electrochemical system for electric energy conversion and storing in chemical energy,
and a coupling system which matches the electrical output (current and voltage) of the PV
device to the electrical input of the EC process. In this arrangement, the steady-state efficiency
nstr With which solar power is transferred to chemical fuels is given by

Nsrr =My e e EQ. (S1)

where npy, Nec, and nc are the efficiencies of the PV device, the EC process, and the coupling
arrangement, respectively (Winkler, M. T. et al. P Natl Acad Sci USA 110, E1076-E1082,
doi:10.1073/pnas.1301532110 (2013)).

The efficiency npy of a solar cell is

FF-V. ..
Moy =M-100% Eq. (S2)
solar

(Especially, when N identical solar cells are connected in series, their output voltages sum up
to the overall voltage while the current density decreases to 1/N.)

The electric energy efficiency ngc of an electrochemical process is generally dominated by
kinetic limitations rather than thermodynamic ones. The operating voltage (V,,) must exceed
the thermodynamic potential (p) to achieve a sufficient reaction rate or operating current
density (Jop). For a fuel-generating reaction, the power flow into the stored specific chemical
energy is (uu*Jop*FE), whereas the total electrical energy dissipated is (Vo,*Jop). Thus, the
electric energy efficiency of the electrochemical reaction is
Mo =27 Bq.(83)
Vor
The efficiency n¢ of the coupling system is entirely dependent on the choice of implementation,
and its efficiency is not limited by any fundamental consideration. In principle, the simplest
way to couple the systems may be to perform the anodic and cathodic reactions on the positive
and negative terminals of a buried junction (or series of solar cells), respectively (just like what
we have done in our work). Such a direct electrical connection is equivalent to constraining the
currents and voltages of the PV device and the EC system to be identical: Iy, = [gc and Vo
= Vgc. Graphically, this constraint identifies the operational state of the coupled PV-EC device
as the point at which the steady-state current—voltage properties of the PV device and the EC
system intersect. Referring to Eq. 3, the coupling efficiency is
Vop : Iop I/op ) ']Solar
= = -100% Eq. (S4)
FF-V,.-1go FF-V,.-Jg

Using the above expressions, Eq. 2 can be rewritten as

Ny = FF Voo - Jse My, -FE . Vop S sotar _ My FE-J 100% Eq. (S5)

P v FF -V, -J

solar op

e

solar
The final term of Eq. 5 represents the STF efficiency of any one electrochemical reaction driven
by solar power. And for any PV-EC system with a specific CO,RR, the Eq.5 can be rewritten
as Eq.6.
El, o FE -J
77STF — CO,RR CO,RR solar . 100% Eq (S6)

solar




Eq.6 is the one used in our manuscript and other references as welll'l. We have discussed the
equation in detail in our paper (Ego2 « 18 the standard equilibrium potential for CO, to CO

(1.34'V), FE, z 18 the Faradaic efficiency of the CO.RR, J

solar

is the operating current
density of photovoltaic device and P

solar

is the incident solar power (100 mWecm™2)).



Solar-driven CO; reduction in flow cell

Solar driven CO, reduction experiments was carried out in a flow cell which was similar as
electrochemical reduction of CO,; in flow cell. 1 M KOH was used as anolyte and catholyte,
respectively. A 0.5 cm? NiFe/NF capsulated by epoxy was used as anode, while a 1.0 cm? npm-
Ag was used as cathode. The electrolytic cell was powered by a commercial GalnP/GalnAs/Ge
solar cell (with an effective area 0.946 cm?), illuminated with a standard simulated AM 1.5G
spectrum at 1 sun intensity from an AAA solar simulator (Enli Technology Co., Ltd.). During
the operation, cell potential, current density and gas product were monitored. The sum of the
Faradaic efficiencies of carbon monoxide and hydrogen is normalized to 100% due to some
data points slightly exceeding 100%.

Calculation of saturation situations for three different porous structures:

The relationship between critical pore size (L) and critical burst-through pressure (AP) follows
the equation

o xcos(b,)
AP

Where, o is the surface tension of 1 M KOH solution (74 mN-cm™2), and 6, is the average
advancing contact angle measured for one drop of 1 M KOH solution on a smooth Ag film
(89°).

The abundance of three-phase interfaces in the catalyst layer is qualitatively described by
volume fraction of wetted pores, i.e. saturation, which depends on pore size distribution. For
simplification, it is assumed that the volume fraction of pores (V1 /Vioa1) should satisfy normal
distribution

L =- (Eq. S7)

VL — 1 % exp[_ — Lmean )2 ] (E SS)

Viw  SDx~27 2xsp* Y

Where, L. and SD are the mean pore size and standard deviation in the pore size distribution
respectively. Under a certain pressure, pores smaller than the corresponding critical size should

be fully wetted. Thus, the integral of each pore size distribution curve at the critical size
represents corresponding saturation.

LC
Saturation(AP) = J-O

Vi dL(Eq. S9)

total
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Figure. S1 | SEM images, statistics of aperture distribution and anti-flooding properties
for three types of gas-permeable substrates. (a), (d), (g) and (j) Toray PTFE treated Carbon
Paper (Toray, TGP-H-60); (b), (e), (h) and (k) for nano-polyethylene membranes (nanoPE);
and (¢), (), (i) and (1) for nano-polypropylene membranes (nanoPP). Based on Eq. S1, the
critical burst-through pressure is inversely proportional to the pore size. The average diameter
of the pores in carbon paper (36.5 pm) and the largest pore (165.7 pm) are much larger than
the pores in the PE membranes (average: 166.5 nm, largest: 1.52 um) and PP membranes
(average: 131.5 nm, largest: 806.6 nm). Thus, carbon paper based gas diffusion electrode
should be more easily flooded than nanoPE and nanoPP. Compared to nanoPE, nanoPP
appears a more attractive substrate for gas-diffusion electrodes than nanoPE because the
former has more uniform pore morphology, stronger hydrophobicity, and higher heat-
resistance temperature.
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Figure. S2 | Morphology characterization of deposited Ag and anodized AgCl films on
nanoPP. (a) A plane-view and (b) cross-section view SEM image of deposited Ag film; (c)
Size distribution diagram of Ag particles based on SEM image; (d) A plane-view, (e) high-
resolution SEM image of AgCl film; (f) size distribution diagram of AgCl domain based on
SEM image; Cross-section SEM image of AgCl film with different thickness (g) ca. 1.44 um,
(h) ca. 2.80 um, and (i) ca. 4.50 pm, respectively.



Anodic oxidation:

Ag + Clr— AgCl| + e I
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Cathodic reduction:
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Figure. S3 | Illustration of lattice expansion and shrinkage strategy for the synthesis of
npm-Ag and corresponding XRD diffraction patterns. (a) Anodic oxidation of the Ag
films in aqueous HCI converted the Ag nanoparticles to AgCIl micron domains through Cl-
implanting into Ag lattice, which led to a lattice expansion; and (b) cathodic reduction
removed chloride from the AgCl lattice, leading to the formation of abundant large
channels/gaps at domain boundaries and small pores in the domains due to lattice shrinkage
and chloride loss; (¢) XRD diffraction patterns show the crystal phase transformation among
original Ag films, AgCl films, and npm-Ag films.
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Figure. S4 | Matlab-generated Voronoi diagram for different stages in the AgCl domain
growing process. Five dots were randomly created to describe the random formation of AgCl
crystal seeds. According to the Voronoi model, the seeds then grew isotropically with equal
speeds. The domains grew continuously until all space was occupied. The boundaries were
formed once two adjacent AgCl domains encounter each other.
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Figure. S5 | Morphology and composition characterization of npm-Ag. (a), (d) and (g)
npm-Ag-1.44 um; (b), (e) and (h) npm-Ag-2.80 um; (c¢), (f) and (i) npm-Ag-4.50 pm; (j)
Cross-section view of npm-Ag-2.80 um and EDS elemental mapping of Ag (blue), (E) K (red),
and C (green); (k) EDS line-scanning of elements (K, C, Ag) amount distribution along the
arrow line across the profile of npm-Ag-2.80 um.
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Figure. S6 | Morphology statistical distribution of npm-Ag-2.80 pm. Size distribution of
domain (a), large channel/gap (b) and small nanopore (c¢); Pore size distribution analysis for
the top (d) and the bottom (e) of npm-Ag-2.80 um.
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Figure. S7 | CO,RR production analysis. (a) A representative 'H-NMR spectrum of the
electrolyte after the test of npm-Ag-2.80 um at selected applied potential. DMSO was added
as inner standard. The GC chromatography of H, (b) and CO (¢). The retention times were
compared with authentic samples. The retention times of H, and CO were ca. 0.88 min and ca.

5.08 min.
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Figure. S8 | Electrochemical performance of npm-Ag electrodes. (a) Faradaic efficiency of
CO and total current density for npm-Ag-1.44 um; (b) Faradaic efficiency of CO and total
current density for npm-Ag-4.50 um; (c) The partial current density of CO for all three
electrodes; (d) Electrochemical surface area (ECSA) tests. Double-layer charging via CVs
was measured in the potential range with no apparent Faradaic process. The differences of
current densities between anodic and cathodic scans with the different scan rates were fitted
linearly to determine the double layer capacitance (Cgy;) and electrochemical surface area
(ECSA). The C4 (2.44 mF cm2, 4.60 mF ¢cm™2, 9.82 mF ¢cm™) and ECSA (392.8 cm?, 184.0
cm?, 97.6 cm?) were measured for npm-Ag-1.44/2.80/4.50 um, respectively.
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Figure. S10 | Saturation of the hierarchical pore structures in the catalyst layer. Pore size
distributions with mean diameter of 68.5 + 26.0 nm and 534 + 153 nm were constructed to
represent the small pores only and large pores only conditions respectively. The volume
fraction of small and large pores were set as the same in the bimodal distribution to
specifically investigate the impact of co-existence of hierarchical nanopores (a). The
saturation as a function of pressure for various pore size distribution (b).
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Figure. S11 | Characterization and electrochemical performance of the NiFe-based
catalysts. SEM images of the as-received NF (a) and the as-prepared NiFe/NF (b). Magnified
view of the black rectangular region (¢) and the gray rectangular region (d) in (b). FESEM
images showed that forest-like NiFe-based catalyst directly grow on the NF. (e) Scanning
electron microscopy energy-dispersive X-ray spectroscopy (SEM-EDS) of the NiFe-based
catalysts peeled off from the NF substrate: EDS elemental maps of Fe (red) and Ni (green)
and their overlay with SEM image; (f) Cyclic voltammetry curves of the NiFe-based catalyst
for OER with 5mV s! scan rate in IM KOH. (g) The stability tests were performed in 1M
KOH by chronopotentiometric measurements at 100 mAcm2, and the average Faradaic
efficiency of oxygen was measured as 99.1% by a drainage method.
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Figure. S12 | Morphology characterization of np-Ag-2.80 pm after long—terin
electrolysis. (a), (b) and (c) are SEM images with different magnifications for npm-Ag-2.80
pum.
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Table S1 | Parameter comparison of commercial solar cells.

FE MNsolar

Solar cell Voc (V) gfg Acm?) (%) (%) Ref.
c-Si 0.744 42.3 83.8 263 (2]
p-Si 0.684 41.5 822 233 3]
a-Si 0.896  16.36 69.8 102 M
CIGS 0.734 39.58 80.4  23.35 3]
CZTS 0.731 21.74 69.27 11.01 (6]
CZTSSe 0.513 35.21 69.8 12.6 (7]
CdTe 0.887 31.69 78.5 22.1 3]
Dye 0.744 22.47 71.2 11.9 3]
Organic 0.84 20.5 75 12.9 (8]
Perovskite 1.195 24.16 84 24.2 %]
InP 0.939 31.16 82.6 24.2 (10]
GaAs 1.107 29.6 84.1 27.6 (1]
GalnP 1.470 16.63 90.2 22.0 3]
GaAsP/Si 1.673 14.94 80.3 20.1% Bl
GalnAsP/GalnAs 2.024 19.51 82.5 326 (12]
GalnP/GaAs 2.568 14.56 87.7 328 3]
GalnP/GalnAs/Ge 2.54 17.52 852 379 [te]
GalnP/GaAs/GalnAs 3.013 14.60 85.8 37.8 3]
InGaP/GaAs/InGaAs 3.065 14.27 86.7 379 3]
GalnP/GaAs/Si 3.127 12.7 83.8 333 (13]
. 34.5
SIS MR me s
fzﬂzl;ll .I7H/1X/C1€.gs/o.73 ev) 476 941 844 378 I
6-jun-Ill- V' cell 5549 846 835 392 [

(2.1/1.7/1.4/1.13/0.91/0.70 ev)
Here, Voc means the open circuit voltage of one solar cell, Jsc means the short circuit current
density of a solar cell, 1y, means the solar energy conversion efficiency of a solar cell.
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Table S2 | Attribution of potential contributions of a desirable photosynthetic system.

ol b et Potential (mV)
Potential distribution at 15.2 mA cm:2
Photosynthetic system operating ca. 2200
voltage
E%corr 1340
Total working overpotential ca. 860
Ohmic loss
(electrolyte + membrane) ca. 250
Overpotential from reaction
electrodes ca. 600
(cathode + anode)

Cathode overpotential ca. 300
Anode overpotential ca. 300

To construct a photosynthetic system with high solar-to-fuel conversion efficiency, the system
operating voltage from the commercial solar cell should not be greater than ca. 2.2 V. Based
on the simulation of potential distribution in an aqueous GDE cell system!!'”], the ohmic loss is
estimated to be ca. 250 mV for electrolyte and membrane ohmic loss. Thus, the total
overpotential for cathode and anode should not be greater than ca. 600 mV, giving a ca. 300
mV overpotential for CO,RR and OER, respectively.
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Table S3 | Lattice parameters of AgCl and Ag

AgCl Ag
a 547 A 4.086 A
b 547 A 4.086 A
c 547 A 4.086 A
o 90° 90°
B 90° 90°
y 90° 90°
Cell volume 163.667 A3 68.2 A3

Vieer 163.6674°

= =2.40
v, 6824

17



Table S4 | Stability test for the solar-to-fuel efficiency of the present system.

Time FEq; FEco Jsolar Votage NSTF

(h) (%) (%)  (mAcm?) (V) (%)

0.31 0.10 99.90 14.94 2.132 20.00
1.25 0.07 99.93 1523 2.129 20.39
2.69 0.09 99.91 15.19 2.127 20.34
3.61 0.16 99.84 15.18 2.133 20.31
4.58 0.13 99.87 15.16 2.143 20.28
5.61 0.38 99.62 15.12 2.15 20.19
6.47 0.63 99.37 15.09 2.149 20.09
7.03 0.30 99.70 15.10 2.155 20.17
7.69 0.68 99.32  15.07 2.16 20.06
8.14 0.69 99.31 15.38 2.168 20.47
15.44 1.38 98.62 14.98 2.199 19.80
16.48 1.74 98.26 15.02 2.22 19.78
24.39 1.63 98.37 1491 2.31 19.65
26.64 0.19 99.81 15.14 2.25 20.24
27.70 0.26 99.74 15.12 2.27 20.21

Calculation of CO concentration in the output gas during CO,RR at high current density:
The experimental parameters are following below: S=1 ¢cm?, Jco=100 mA-cm=2, FEco=100%,

o J oo X Sx60sx22.4L / mol
o 96485x z

vco2=20 sccm, z=2; and the dissolution of CO, in alkaline electrolyte is not considered. The
volume of CO generated in 1 min is

=0.6965mL

And the concentration of CO in the output gas is
1% 0.6965
0 — =3.6%
Vep, 20—0.6965

When powered by solar cells, relatively low solar current density set limit to the concentration
of CO in the output gas while when operated separately under higher current density, higher
concentration of CO was measured. In both cases, CO, was the dominant gas species even
with the continuous consumption by alkaline electrolyte which is unavoidable and also
observed in the neutral electrolyte due to extremely high pH in the local catalytic
environment!!'#,

18



Table S5. Comparison of the present system with previous photosynthetic systems.

System

Catho Jap Eca (V vs. Product FE oc Jsc Nsolar NsTF Stability
Anode de (mAcm?) RHE) ion (%) vo(l:la)ge (V) (mA cm?) Solar cell (%) (%) (h) Year Ref.
Porou .

Ir0, o 58 0.4 co 9 20 31 615 Perovskite  13.4 6.5 18 2015 t19]
Iridium - Indiu - ca. 21 Formate 67.1 385 - poly-Si 8.7 1.8 15 2014 (20]
oxide m foil panel

IrOy RE&:P 3.3 -0.24  Formate 94 21 ca.06 ca. 4.4 SiGe-jn 7.7 4.6 6 2015 (21
CoPi Co-P - - Biomass - 22 - - Si 18 97 - 2016 22l
IrCCM  np-Ag 6.26 . co 78.1 277 29 31.28 Simodule 19.7 6.5 05 2017 23]

Acetate,
%e) Ag- 48.2 ethanol 5 3.7 - - Simodule 11 8 - 2018 (24)
X GDE ’ (ferment ’
ation)
Ni PdIC 85 - Formate 94 204 24 g5 CaAs/nGa 10 6 2016 (5]
PITiOy/
CoPi CoP y - Biomass - 23 244 127 GNP 545 6.2 24 2017 (5]
GaAs/ Ge

Co30, NiN- ] GalnP,/Ga 6]

o s 5 082  CO 932 234 25 67 e 212 127 20 2017

CuO-  CuO- GalnP/Gal
| [1a]
50, SnO, 04 0.6 co 97 238 254 135 o0 % 285 134 5 2017 a
NiFe(O  Nano- g, 057  CO 92 196 254 1752 nGaPGa g4 64 24 2018 t1el
H) Au As/Ge
Ir/C mpBi 33 - Formate - 25 258 g CalP/Gal 15 3 2018 (2
nAs/Ge
NiFel0  Au25 40 0.29 co 95 1.63 GaoslnosP/ 5 59, 18 12 2019 28]
GaAs
NIFeNi - PP 144 0.3 co 100 212 267 154 CanPGal 4, 20.4 28 2020 Our
foam nAs/Ge work

Here, J,, means the applied current density, E., means the cathode potential, FE means the
Faradaic efficiency of the cathode for CO,RR, V¢ means the open circuit voltage of one
solar cell, Jsc means the short circuit current density of a solar cell, 15, means the solar

energy conversion efficiency of a solar cell, and ngrg means the CO,-reducing solar-to-fuel

efficiency.
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