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Supplementary Figures

Supplementary Figure 1. HR-SEM images from (a) top, (b) middle, and (c) bottom section of a single micropillar which was

completely exposed to 30 s electrodeposition of Ni-Mo (30 s) (see main text, sample a, Figure 1d). Scale bar is set to 1 um.
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Supplementary Figure 2. XRD patterns of electrodeposited nickel (30 s) and alloyed nickel molybdenum films on flat silicon,
with their characteristic peaks and relative intensities marked. (a) Ni/Si,® (b) Ni-Mo/Si,2 (c) an overlap of the Ni and Ni-Mo
pattern, and (d) an overlap of the Si peak in each pattern. Supplementary Figure 2a shows the XRD pattern of 30 s
electrodeposited Ni on a flat Si, here the (111), (002), and (022) peaks are observed at 44.56°, 51.92°, and 76.50°, respectively
and no interfacial phases.! The high intensity peak at 69.13° is p-Si (400). Supplementary Figure 2b shows the XRD pattern of
180 s electrodeposited Ni-Mo on flat Si. The (111), (002) and (022) peaks of Ni-Mo are at 43.96°, 51.21°, and 75.35°,
respectively, and the (400) peak of Siis at 69.13°.2 The shift of the peaks is clearly visualized in the combined XRD pattern of
Supplementary Figure 2c, which confirms the incorporation of Mo atoms in the nickel structure. To confirm the alignment of
the XRD apparatus, a combined graph of the Si signals is given in Supplementary Figure 2d, where no shift is observed between
the Si signals of the two different Si substrates.?
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Supplementary Figure 3. (a) Schematic overview of the light JV measurement setup for fully passivated microwire PV cells.
(b) Schematic overview of the light JV measurement setup for spatioselectively catalyst-functionalized microwire PV cells. (c)
Schematic overview of the light JE measurement setup for spatioselectively catalyst-functionalized microwire photocathodes.
(d) Schematic overview of the dark JV measurement setup. Supplementary Figure 3 gives a schematic representation of how
the potentiostat is connected to the samples to measure specific elements of the photocathode. CE is the counter electrode,
RE is the reference electrode, and WE is the working electrode. Supplementary Figure 3a and b shows a schematic setup used
to measure the JV characteristics of the underlying PV cell. A sample is placed at 1 sun intensity (see Methods for calibration
details) and scanned by a linear scan between -0.7 and 0.7 V. The difference between Supplementary Figure 3a and b is only
the use of a “bare” (passivated) sample or with catalyst. Note that the RE and CE are connected together at the front side and
that the WE is connected at the backside. Supplementary Figure 3c is a schematic representation of the setup used to measure
a HER half-cell. The sample again is placed at 1 sun intensity, at the same position as the samples in Supplementary Figure 3a
and b. The CE is a Pt mesh in a circle around the sample, in order not to intervene with the light. The RE is a Ag/AgCl electrode,
which is placed in close proximity of the sample. The WE is connected at the backside. Supplementary Figure 3d is a schematic
representation of the setup used to measure the catalytic activity of the electrodeposited catalyst. The CE and RE are used in
the same manner as in Supplementary Figure 3c, but the WE is connected to the frontside of the sample. In this manner we
by-pass the p/n junction and we can measure the activity of the catalyst.
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Supplementary Figure 4. Dark JE behavior for electrodes with the noted

compositions. The Si micropillars were radially doped

(n*/p) and in this case completely covered with the noted catalyst (sample a). All samples were evaluated in 0.1 M H2S04(aq).

Supplementary Figure 4 shows the dark JE measurements for HER e

lectrocatalysis on n*-Si micropillar array substrates,

without or completely covered with a catalyst of Ni, Ni-Mo and Pt (sample a). The used setup to measure the activity is given
in Supplementary Figure 3d. The band edge position of Si straddles the H*/H, redox couple, and almost no catalytic activity is

observed over a large overpotential range for bare Si micropillars, w

hich underlines the requirement for a catalyst. The

addition of a smooth, continuous Ni film on the surface already improves the catalytic activity substantially (Ni (30 s)). A
relatively small addition of Na,MoOQ4 (<2 mol% Mo to Ni) to the plating bath solution increases the HER activity in an acidic
environment even more. Such a Ni-Mo alloy on n*-Si micropillar arrays gives JE responses that exhibit increasing catalytic
activities with increasing deposition time. Increasing the deposition times beyond 180 s does not have any further effect, as

is seen by increasing the deposition time to 240 s. Furthermore these la
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Supplementary Figure 5. Current density J,, versus potential (E) behavior of Si micropillar array devices with radial n*/p-

junctions with electrodeposited Ni-Mo solely at the tops of Si micropilla

sunlight and continuous simulated sunlight. The used setup to measure

rs (sample b) in dark and in both chopped simulated

the activity is given in Supplementary Figure 3c.
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Supplementary Figure 6. Current density Jo» versus potential (E) behaviour of Si micropillar array devices with radial n*/p-
junctions with electrodeposited Pt or Ni-Mo solely at the tops of Si micropillars. Here, the x and y-axes are extended to
show we do not cross over into the oxidative regime with the measured CV scans. The used setup to measure the activity is

given in Supplementary Figure 3c.
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Supplementary Figure 7. Recorded potential of a spatioselectively deposited Ni-Mo catalyst on Si micropillars under
continuous operation of 10 mA/cm2 and AM 1.5G simulated sunlight. Microwire array with 6 um pitch, upper 2 um
functionalized with Ni-Mo (180 s deposition). The used setup to measure the activity is given in Supplementary Figure 3c. As
noted, Ni-Mo does not exhibit infinite stability under strong acidic conditions.3 To assess the durability of this catalyst we
measured the potential vs RHE at a constant current density of 10 mA/cm? in a buffered (pH 4.0) electrolyte of 0.2 M
potassium hydrogen phthalate for 72 h under AM 1.5G light. The average recorded potential appeared stable over the entire
period of time, and the potential only oscillated, most probably due to hydrogen bubble formation and detachment.



400

theoretical (20 mA)
o measured 20 (mA)

3507 theoretical (10 mA)
i © measured (10 mA)
theoretical (5 mA)
A measured (5 mA)
250

200 +

150

100

Amount of Evolved H, (umol)

A
ADTR
50 AL
2
5

Y AYAYY

A

Time (min)

Supplementary Figure 8. Calculated (lines) versus real (markers) hydrogen production using patterned Si microwire
photocathode, biased at 5, 10 or 20 mA. Microwire array with 6 um pitch, upper 2 um functionalized with Ni-Mo (180 s
deposition). The used setup to measure the activity is given in Supplementary Figure 3c. The H; production for patterned Ni-
Mo (180 s) Si microwire samples b in Figure 3b was measured by gas chromatography (GC). Here, the n*/p junction was biased
by contacting the emitter of the Si microwire photocathode and applying a bias to generate either 5, 10 or 20 mA of current
output. The calculated and measured produced H, amounts match excellently, indicating a nearly 100% Faradaic efficiency.
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Supplementary Figure 9. Plots of current density vs. potential, obtained for Si microwire arrays with different pitch as stated
in the legends and the upper (a) 2 um (b) 9 um, (c) 17 um, (d) 25 um and (e) 36 um functionalized with Ni-Mo. Scans were
performed in the dark in an electrochemical cell, containing a 0.1 M H,SO, solution. The used setup to measure the activity
is given in Supplementary Figure 3d.
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Supplementary Figure 10. JV measurements of microwire substrates for different pitches as stated in the legends and the
upper (a) 2 um (b) 9 um, (c) 18 um, (d) 25 um and (e) 35 um functionalized with Ni-Mo. Each line is the average of two

different samples prepared with the same settings. The used setup to measure the activity is given in Supplementary Figure
3b.
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Supplementary Figure 11. JE measurements of microwire substrates for different pitches as indicated and the upper (a) 2 um
(b) 9 um, (c) 17 um, (d) 25 um and (e) 35 um functionalized with Ni-Mo. Each line is the average of two different samples
prepared with the same settings. The used setup to measure the activity is given in Supplementary Figure 3c.
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Supplementary Figure 12. (a) Schematic setup for a full S2F device with the different absorbances and losses in light through
every layer. (b) Absorbance spectra of the BiVO, layer (solid line) and the employed bipolar membrane (dashed line). The AM
1.5G photon flux spectrum (dotted line) is shown as well. (c) Current density (Jon) vs. potential (vs. RHE, (V)) for the Si
microwire photocathode and the BiVO,4 photoanode. The inset shows a section of the same graph magnified around the
operating point. (d) Stability of unbiased water splitting (at 0.0 V versus counter electrode) over the course of an hour.
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Supplementary Figure 13. Schematic fabrication process: (a) Wire array obtained after deep reactive ion etching of a silicon
wafer with a photoresist pattern on the front side and silicon-rich silicon nitride on the backside, followed by the deposition
of the dopant oxide by LPCVD (phosphorus). (b) Formation of the radial junction, by a drive-in step at 1050 °C for 15 min. (c)
Deposition of a passivation layer of SiO, by LPCVD. (d) Filling of the wire arrays with photoresist, followed by controlled

retraction by O, plasma. (e) Selective removal of the passivation layer by BHF wet etching. (f) Deposition of aluminum back
contacts by sputtering and of the catalyst by electrodeposition.



Supplementary Figure 14. (a) HR-SEM images of Si microwire arrays with photoresist between the microwires, which is

etched by 02 plasma. (b) Si microwire array with selectively removed SiO2 from the tops by etching (a) in BHF. Scale bar is 5
pm
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Supplementary Figure 15. Schematic outline of the process for spatioselective formation of a passivation layer and deposition
of the catalyst. (a) On the radially doped silicon microwires several layers are formed by LPCVD: silicon oxide, silicon nitride,
and polysilicon. The outer part of the polysilicon is then thermally oxidized. (b) The thermal silicon oxide is opened at the top
by inclined ion beam etching. (c) the polysilicon layer is retracted in hot TMAH solution to the desired height (x). (d) The
thermal silicon oxide is removed in buffered HF solution, and the silicon nitride is etched in hot phosphoric acid solution. (e)
The polysilicon is stripped in hot TMAH solution, and the LPCVD silicon oxide is etched in buffered HF solution. (e) The silicon
nitride is stripped in hot phosphoric acid solution, and (f) electrical back side contact is formed by sputtering aluminum, and
finally the catalyst is deposited selectively by electrodeposition.
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Supplementary Figure 16. Plot of the ASTM reference pattern (black) and calculated transmittance through 15 mm of water
(red). Each graph was integrated in the range of 300 to 1200 nm to calculate the maximum photo-current.
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Supplementary Figure 17. Spectral irradiance plot of an ASTM reference pattern (red) and of the solar simulator used for
the measurements in this paper (black).



Supplementary Tables

Supplementary Table 1. JV characteristics for the Si micropillar arrays with radial n*/p-junctions, without or with Ni-Mo as

catalyst, as determined from the JV graphs shown in Figure 2

Route Device Deposition time (s) Voc (V) e FF (%) n (%)
(mA/cm?)

Bare Si - 0.46 37.6 65 111

Ni-Mo (10 s) 10 0.46 35.5 64 10.3

d Ni-Mo (15 s) 15 0.46 32.8 64 9.7
Ni-Mo (30 s) 30 0.46 29.4 60 8.0
Ni-Mo (180 s) 180 0.44 4.2 63 1.1

b Bare Si - 0.53 41.7 60 13.0
Ni-Mo (180 s) 180 0.52 28.3 65 9.6

Supplementary Table 2. JE characteristics for the Si micropillar arrays with radial n*/p-junctions, with Ni-Mo or Pt as catalyst,
as determined from the JE graphs shown in Figure 3. The values of FF, Voc and Jyn are referenced to the equilibrium potential
of the half-reaction being performed at the photocathode.

Deposition Joh FF Plateau Jon *
Route Device Voc (V) nirc (%)
time (s) (mA/cm?) (%) (mA/cm?)
Ni-Mo (10 s) 10 0.28 16.7 13 36 0.58
Ni-Mo (15 s) 15 0.30 16.5 12 32 0.57
a Ni-Mo (30 s) 30 0.31 15.1 11 29 0.51
Ni-Mo (180 s) 180 0.46 2.7 45 3.0 1.04
_____ b S v T L Lt Lt P R e
Pt 30 0.48 304 51 31 7.06

: Plateau current density measured at -0.5 V vs RHE of Figure 3a/b



Supplementary Table 3. Cell characteristics from Supplementary Figure 9 and 10 for various pitches and catalyst coverages.
Rs was obtained by linearizing the data series (resulting slope = 1/Rs) of the catalytic activity of Supplementary Figure 9,
between 0 and 50 mV vs. RHE. The calculated FF; values were obtained using the analytical expression developed by Green
et al.> Resistances from only the PV behavior, as determined by taking the slopes (=1/R) in the graphs of Supplementary
Figure 10 at V,, gave almost constant, and significantly smaller values (0.77-0.83 Q/cm?2) than the Rs values reported in the
table.

2um
8 um 10 um 12 um 14 pm 19 um 24 pm
Voc (V) 0.48 0.48 0.49 0.49 0.48 0.49
Isc (mA/cm?) 28.99 33.54 35.55 37.33 40.84 41.28
Rs (Q/cm?) 3.67 3.71 3.98 5.73 7.43 10.26
FF (--) 60.69 59.33 62.32 43.18 37.67 35.86
FF; (--) 61.20 58.20 59.37 45.37 35.36 31.52
9um
Voc (V) 0.48 0.49 0.49 0.49 0.48 0.49
Isc (mA/cm?) 21.63 25.44 31.11 33.52 36.57 38.26
R (Q/cm?) 3.72 3.79 4.89 5.07 7.47 10.57
FF (--) 57.88 59.02 57.50 46.20 35.93 33.19
FF; (--) 60.87 60.06 59.73 46.39 36.33 36.50
17 um
Voc (V) 0.47 0.45 0.49 0.48 0.49 0.49
Isc (mA/cm?) 17.27 24.43 25.69 29.80 33.05 35.85
R (Q/cm?) 4.50 4.16 3.75 2.78 4.14 4.42
FF (--) 58.25 52.54 63.29 58.69 50.52 50.68
FF; (--) 65.45 50.25 63.37 60.42 50.11 50.72
22 um
Voc (V) 0.47 0.47 0.49 0.46 0.46 0.45
Isc (mA/cm?) 18.71 21.23 22.96 28.00 31.23 32.17
Rs (Q/cm?) 5.54 4.20 4.38 3.38 4.37 4.82
FF (--) 62.38 62.15 57.33 63.61 59.14 62.18
FF; (--) 61.27 63.73 62.92 62.00 59.05 60.87
35um
Voc (V) 0.47 0.46 0.49 0.50 0.50 0.44
Isc (mA/cm?) 16.59 17.62 22.71 23.72 25.98 7.87
Rs (Q/cm?) 5.02 4.70 4.62 4.96 4.20 4.75
FF (--) 54.66 55.62 61.75 53.96 64.91 60.67

FFs () 62.01 60.99 58.50 56.63 58.71 60.22




Supplementary Table 4. A survey of micro- and nanowire H; producing half cells. Measurements done under AM 1.5G in

their best performing electrolyte.

Configuration Voc(MV)  Jpn (MA/cm?) FF (%) Nire (%) ref

Ni-Mo

IS
oo
N
(o]
()]

n*/p-SiMWs 420 14.3

n*/p-SiMWs 349 13.5 0.6 8

[E
N

)
-+

n*/p-SiMWs 540 15.0 5.8 10

~N
[uRy

n*/p-SiMWs 440 14.0 2.8 u

IS
[e)]

p-Si NWs 380 21.2 2.5 12

w
o

p-Si NWs 420 19.9 45* 3.8 14

p-si NWs 310 29.2 26* 2.4 16

p-Si NWs 310 9.0 55 1.5 18

p-Si MWs 480 12.8 20* 1.2 20

Other

p-Si NWs/CoP 407 15.6 27 2.9 v

p-Si NWs/NiCoSey 250 37.5 26* 2.5 16

p-Si NWs/CoB 450 19.5 29 2.5 12

p-Si NWs/MoS; 360 24.9 28* 2.3 1



p-Si MWs/CsN4/CoSe>

p-Si NWs/a-WS3
n*/p-Si MWs/CoP
n*/p-Si MWs/MoS;
p-Si MWs/Mo03S,
p-Si NWs/NiSex
p-Si MWs/CoMoSy
p-Si NWs/CoSex
p-Si MWs/CoSe;

400
480
300
150
225
192
140
200
195

19.0
17.0
15.0
9.3
20.5
17.2
15.3
9.0
4.9

30*
24
30

26*
23
26*
25%
25%

2.0
1.9
1.4
1.2
1.2
0.7
0.6
0.5
0.2

24

11

13

25

16

16

16

26

27

* estimated from figures from reference

Supplementary Table 5. Deposition time of Ni-Mo catalyst on microwire arrays for every microwire pitch/coverage
combination. Here, f is the filling fraction, in order to give a quick comparison with the results of Chen et al.# The geometric
filling fraction in the study of Chen et al. is defined as the ratio of the geometric area of the catalyst to the total geometric
area of the photoelectrode. Therefore, f. is directly related to the pitch of the our Si microwires when only the tops of the
microwires with a spatioselective catalyst are taken into account. D; is the deposition time for every chosen pitch and
coverage height, i.e. 2,9, 18, 22, and 35 um. The HER catalytic activity of Ni-Mo was essentially unchanged when the nominal
deposition time was >180 s for microwire arrays with a pitch of 8 um and the top 2 um covered with Ni-Mo, as is seen from
Supplementary Figure 4. The deposition time for each sample in this study was corrected for absolute surface area of exposed

silicon. In that way it was tried to achieve approximately the same catalyst layer thickness in all cases.

Pitch fc (%) Dt (s) 2 um Dt (s) 9 um Di(s) 18 um  Dt(s)22um  D:(s) 35 um
8 22.7 180 270 540 630 1080

10 14.5 65 195 390 455 780

12 10.1 45 135 270 315 540

14 7.4 33 99 198 231 396

19 4.0 18 54 108 126 216

24 2.5 12 36 72 84 144




Supplementary Discussion

We have fabricated a full S2F device, by combining a backside-illuminated photoanode (BiVO,) and a
frontside-illuminated photocathode (c-Si) in combination with a bipolar membrane, as seen
Supplementary Figure 12a.

Part of the light illuminated at the backside of the photoanode is absorbed by the BiVO, film and by
the bipolar membrane, and the remaining light is available for the c-Si microwire array photocathode.
We performed UV-Vis absorbance measurements to investigate the wavelength dependence of
absorption in both materials (see Supplementary Figure 12b). BiVO, has a strong absorption in the
region of 300 to 520 nm, which is expected for a material with indirect and direct bandgaps of 2.6 eV
and 2.4 eV, respectively. An overlay with the used photon flux is made, and BiVO, only uses a fraction
of the solar spectrum. Our employed bipolar membrane has a strong absorption for wavelengths <500
nm, although the majority of these photons are already absorbed in a complete S2F device by the
BiVO, layer (see Supplementary Figure 12b). The absorption rapidly decreases with increasing
wavelengths, and the membrane shows ~15% absorbance for wavelengths >600 nm. The maximum
photon current generated by a frontside-illuminated c-Si photocathode, after subtracting the
absorption of the BiVO, layer (~6.5 mA/cm?) and bipolar membrane (~9 mA/cm?) is 29 mA/cm?in the
range of 300 to 1100 nm. The latter is for maximum absorbance within the c-Si microwires and without
influence of the catalyst on top of the c-Si microwires.

The performance of the photoanode and —cathode were evaluated independently from each other
under one sun illumination, as seen in Supplementary Figure 12c. The photoanode performance is
comparable with the performance reported by Kim et al.?® The performance of the photocathode was
assessed with the BiVO, photoanode and a bipolar membrane in front of the c-Si photocathode. A clear
decrease in photocurrent is observed for the photocathode when compared with the values reported
in the main text, but this is understandable seen the photocurrent losses induced by the two overlayers
(i.e. BiVO4 and the membrane). The plot in Supplementary Figure 12c shows the crossover point for
unbiased water splitting and an inset highlights this point at ~513 mV vs. RHE. It indicates that the
resulting unbiased performance is primarily limited by the performance of the BiVO4 photoanode,.

By employing a bipolar membrane, both the photoanode and —cathode can be operated at their
preferred pH, as demonstrated by Vermaas et al.?® The stability of the setup in Supplementary Figure
12a was assessed in Supplementary Figure 12d, by measuring the photocurrent under open circuit
potential (0.0 V versus counter electrode). Steps are visible within the measured data, which are most
likely due to bubble formation and release within the cell and temporary blocking the incoming light.
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