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1. Sample preparation

Cobalt nanoparticles (CoNPs) were synthesized by using reverse micelles comprising polystyrene block
poly 2-vinylpyridine (PS-b-P2VP) diblock copolymer (PS327000-b-P2VP70000, Polymer Source Inc.)
and Co(NOs),"6H,0 (Sigma-Aldrich, > 98%) under room temperature (293 K) and atmospheric
conditions. The obtained cobalt nitrate micelles were coated onto a flat substrate (SiO,Si(100) or rutile
TiO,(110)) by dipping into the solution, followed by removing the substrate at a constant velocity of 5
mm/min. This procedure resulted in a monomicellar film on the substrates’ surface with a high degree
of hexagonal order. The polymer molecular coat on the cobalt salt was removed by air plasma (100 W,
0.5 mbar, 15 min). The details of synthesis method can be found elsewhere.!> Then the prepared
samples were heated to 773 K and kept for 6 h in air for thermal treatment before ROR. Due to spatial
resolution restraints of X-PEEM, the samples for X-PEEM measurement were diluted with an average
interparticle distance of >100 nm to avoid the overlapping of different particle signals.? After
calcination, the samples were treated by Reduction-Oxidation-Reduction (ROR) process: reduction (H,
1x10°% mbar, 623 K, 1h), oxidation (O, 5x107 mbar, 573 K, 1h) and the second reduction (H, 1x10-¢
mbar, 623 K, 1h). The reduction treatment is denoted as ‘R’ while oxidation treatment as ‘O’. For
Co/Ti0,(110), however, cobalt was not fully reduced at above reduction temperature. Thus, after the
normal ROR treatment, the sample was reduced at 773 K, oxidised at 573 K and reduced again at 773



K, named 773 K ROR in the manuscript. For comparison, the Co/SiOSi(100) sample was also
subjected to 773 K ROR.

2. AFM

The supported NPs after air plasma etching, calcination and ROR treatment were measured in air by
Bruker Veeco MultiMode V atomic force microscope (AFM) at the Diamond Light Source (DLS) in a
tapping mode and a scan rate of 2 Hz (293 K, 1 atm; cantilever Bruker RTESPA-300). From the

obtained AFM images the CoNPs size (height) and distribution were analysed by Gwyddion 2.49
software.*?
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Figure S1. AFM images (a-d) and corresponding histograms (e-h) of CoNPs supported on SiO,Si(100)
and TiO,(110) substrates. (a, b) AFM images are Co/SiOSi(100) and (c, d) AFM images are
Co/Ti0,(110) catalysts. (a, c) AFM images corresponds to the catalysts without calcination and dilution,
(b, d) images are 60-fold diluted samples before ROR treatment. The CoNPs with similar size (around



8.0 nm in height) before calcination are dispersed on both substrates SiO,Si(100) and TiO,(110)
uniformly. The CoNPs on the two substrates used for X-PEEM analysis disperse well but with different
sizes (S1b&d). CoNPs on SiO,Si(100) substrate (7.4+3.1 nm in average, S1f) seem agglomerated with
some significantly bigger NPs (2-3 fold) observed; while that on TiO,(110) show opposite results,
CoNPs size become much smaller after calcination (5.5+2.2 nm, S1h) for TiO,(110) substrate.

3. SHIM and TEM

The NP size and distribution of samples before and after ROR were measured by Carl Zeiss Orion
NanoFab Scanning Helium Ion Microscope (SHIM, tilt angle = 45°, GFIS acceleration V = 25 kV) at
the London Centre for Nanotechnology (LCN) in University College London.

Around 10 drops of polymer micelles solution were deposited onto a gold TEM grid (mesh size 200)

with a carbon film, dried at room temperature in air and measured by a JEM2100 TEM 200 kV
instrument.

The SHIM and TEM data were analysed by using the ImagelJ 1.52e software.®’
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Figure S2 SHIM (a, b) and TEM (c¢) images and corresponding histograms (d-f) of CoNPs supported
on Si0O,Si(100) and TiO,(110) before ROR treatment. The displayed horizontal CoNP size on SiO,Si
(9.3+1.1 nm) is bigger that on TiO, substrate (7.8+0.8 nm), which is well in accordance with the AFM
vertical size. As the cobalt-micelles (19.3£1.8 nm, Figure S2c&f) used for samples preparation are same
and all the other treatment conditions (including dip-coating, plasma and calcination) are also
consistent. The size differences in the two catalysts are only due to the support effects.



)

oy M1-initial M10

(b) co/TiO,(110) - ROR ;pre;dinf

M1-initial

(c) co/sio,Si(110) -773K ROR

50 nm 50nm 50nm

M1-initial i i Rt

(d) co/TiO,(110) -773K ROR

50 nm 50 nm 50nm

M1-initial

(ID
(e) Co/Ti0,(110) -773K R (f) Co/TiO5(110) -773K RO (g) Co/sioysi(110) -773K R (h) co/sio,si(110) -773K RO

. r 2239
¢ < nm

Figure S3. (I) SHIM images of Co/Si0,Si(100) (a, ¢) and Co/TiO,(110) (b, d) after ROR (a, b) and 773
K ROR (¢, d). Treatment with helium ion milling for 1, 2, 10, 20 and 30 times denoted as M1, M2, M10
and M20, respectively. NPs diameters become larger with ion milling, meaning the embedment is
happened in both catalysts. (II) SHIM images of Co/TiO,(110) (e, f) and Co/SiO,Si(100) (g, h) after
773 KR (e, g) and 773 K RO (f, h) treatment.



4. XPS

X-ray photoelectron spectroscopy was performed on a Thermo Fisher Scientific NEXSA spectrometer
at HarwellXPS. Samples were analysed using a micro-focused monochromatic Al X-ray source (72 W)
over an area of approximately 400 microns. Data were recorded at pass energies of 200 eV for survey
scans and 50 eV for high resolution scan with 1 eV and 0.1 eV step sizes, respectively. Charge
neutralisation of the sample was achieved using a combination of both low energy electrons and argon
ions. All the samples were measured under the vacuum of 10 mbar and room temperature. The
obtained data were analysed by CasaXPS (Version 2.3.19PR1.0).% The binding energy of Co 2p, O 1s,
Ti 2p and Si 2p was calibrated by using C 1s (284.8 eV).
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Figure S4. Co 2p (a), Ti 2p (b) and O 1s (c¢) XPS spectra of catalysts Co/SiO,Si(100) and Co/TiO,(110)
before and after ROR treatment; (d) Co 2p spectra of the catalysts without calcination showing as CoO.

5. X-PEEM

X-ray spectroscopy and microscopy were simultaneously measured out at the Surface/Interface:
Microscopy (SIM) beamline at the Swiss Light Source (SLS) and 106 beamline at DLS using an X-
PEEM equipped with an energy analyser. The catalysts employed were Co/SiO,Si (100) and
Co/Ti0,(110) with same initial cobalt-polymer micelles. The beamlines provided high brilliance X-ray
light in the energy range of 130-1500 eV. In order to obtain elemental contrast X-PEEM images (field
of view 20 um), at cobalt L;,-edge absorption edge and below the absorption edge were recorded
sequentially by using a total electron yield (TEY) mode. The bright spots correspond to individual
CoNPs, which has been confirmed by X-ray absorption spectroscopy. The base pressure in the X-PEEM
was 2x10-® mbar and annealing of the samples was started at this condition. Dosage of oxygen in was
controlled at a X-PEEM pressure of 5x10-7 mbar, while that of hydrogen was 1x10° mbar. Hydrogen
reduction was conducted at 623 K (SLS) or 773 K (DLS) for 1 h, while oxygen oxidation was at 573 K
for 1 h, and then hydrogen was introduced again under the conditions as the first reduction. Metallic
cobalt refence was recorded at DLS by using a cobalt foil. All the data were analysed by the software
of ImageJ 1.52e and OriginPro 2017, and the spectra of Co L;-edge below 776 eV were smoothed.
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Figure S5. X-PEEM images of observed movement of CoNPs supported on SiO,Si(100) during ROR
(623 K reduction) process. The field of view in the whole ROR process was maintained as 20 um
(512x512 pixels), thus each pixel in the X-PEEM image represents a same distance value (39 nm). As
each NP in the X-PEEM image shows as only a bright spot, the two-bright-centre system in the X-
PEEM images (Co/SiO,Si(100),) means a two-NP system there. The distance between the two bright
spots become longer, meaning at least one of the NP moving away from the other one.
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Figure S6. X-PEEM images of selected regions in the process of ROR. The bright spots distributed on
both substrates during ROR in the X-PEEM images are CoNPs, with the analysed NPs circled. The
spots with higher brightness (BS1, BS2) mean the bigger NPs while the lower ones (DS1, DS2) are the
smaller NPs.
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Figure S7. XAS spectra of Ti L; ,-edge on Co/TiO,(110) before and after ROR process. Titanium in the
processes is T4 without any Ti** detected, as evidenced by the lack of absorption energy shift.” After
reduction the TiO, crystal structure is changed from rutile to a mixture (TiO,(II)) of anatase and rutile,'”
as confirmed by the relative height changes of peaks at 459.9 eV and 460.9 eV. These changes could
be due to the low pressure and high temperature during ROR experiment or promotional effect of cobalt.
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Figure S8. Comparison of Co L;-edge XAS spectra between initial state of a CONP on TiO»(110) and
SiO,Si(110), and standard Ty, O, Co?" XAS spectra. The mixed XAS spectra of T4 and O, Co?" were
calculated by linear combination, with weights denoted in the figure legend. The photon energies have
been corrected to a same value. Obviously, the initial state of the CoNPs on TiO,(110) is only O;, Co?*,
while that on SiO,Si(110) is a mixture of T4 and O;, Co?*. The corresponded electron arrangement of
the cobalt in crystal field is shown as well.
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Figure S9. XAS spectra of Co L;-edge of circled CoNPs (Figure 2e-g) supported on SiO,Si(100) (a)
and TiO,(110) (b) substrate at different steps of the ROR process.

(a)

Normalized intensity

1.4 4

-
N
!

-
=]
!

o

Il

After 623 K ROR
NP centre 12

Initial state

References

NP edge

NP centre
NP edge

Co,0,
CoO(T,)
C00(0,)

Normalized intensity

I
o

o
®
n

4
o
1

o
IS
1

o
N
N

XAS:Co-L;edge

ColTiO,(110)

After 623 K ROR
[====NP centre
NP edge

| initial state
[===NP centre
[===NP edge

' [References
e C0O (T)
.. = C00 (0,)
Co,0,
Co®

i
J
N

—'— - T — — T
778 780 782 784
Photon energy / eV

Normalized intensity
o ° N
> » P
! 1 !

o
'S
1

o
[
1

o
o
I

References

773 K reduction
NP centre
-+ e+ NP edge
573 K oxidation

NP centre|
NP edge
773 K reduction
NP centre|
NP edge
Initial state

NP centre|
-+~ NP edge

CoO(T,)
C00(0,)
Co,0,
Co°

774

T
776

77 780
Photon energy / eV

784

Figure S10. Comparison of XAS spectra of Co L;-edge in the centre and edge of a CoNP in
Co/Si04Si(100) (a) and Co/TiO,(110) (b) before and after 623 K ROR treatment. (c) XAS spectra of
Co Ls-edge in centre and at edge of Co NP in Co/Ti0,(110) during 773 K ROR treatment. Insert is the
X-PEEM screenshot with defined edge (green) and centre (red) of the NP.

6. Surface X-ray Scattering

Grazing incidence small-angle X-ray scattering (GISAXS) experiments were conducted at the SIXS
beamline, SOLEIL, using flow reactor.!' The focused beam of ca. 0.3x0.3 mm? with photon energy of
15 keV was directed on the sample at an incident angles of 0.2° and 0.15°. The sample to detector
distance (SD) was calibrated using several dilJraction orders of Ag behenate. The modulus of the
scattering vector s was calculated as q = 2sin 0/A, where 0 is the Bragg angle and A - the wavelength of
the photons. The EIGER R 1M (1030 x 1065 pixels, 75 pm pixel size) was used for GISAXS data.



Additional GIXD experiments were performed at the 107 beamline, DLS, with a configuration similar
to that previously used by Martin et al.'2. The photon energy was 10 keV. The SD was calibrated using
the shift of the direct beam position on the 2D detector mounted on the diffractometer arm moving out-
of-plane. GIXD was measured using a small swing arm area detector (Pilatus 100 K, 172x172 um? pixel
size, 487x195 pixels).

In both experiments the reduction was performed in H, at flow rate of 30 mL/min at 623 K for TiO,
and SiO,Si supported CoNPs.

The GIXD data reduction was performed using Binoculars software package'* and DAWN Science was
used for GISAXS!. The 2D images were visualised in Igor Pro and 1D profiles in the OriginPro 2017.

The full 2D GISAXS images were fitted using the BornAgain v1.14 software.'> A model consisting of
Co truncated spheres supported on the flat substrate was used to represent the 2D catalysts that was also
supported by microscopy data. The scattering cross-section for NPs was calculated using the
Decoupling Approximation for which the position of the particles is independent of their size and the
interference function is defined by an effective structural factor calculated for the average nanoparticle
size. The refractive indices of Co, SiO, and TiO, were taken from the literature.'¢
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Figure S11. Comparison of 1D GIXD out-of-plane projections of the reduced Co/SiO,Si(100) and
Co/Ti0,(110) catalysts showing a difference in crystalline structure of the Co NPs on different supports.
In case of silica the presence of crystalline (111) and (200) peaks corresponding to FCC phase of
metallic cobalt can be observed, meanwhile the signal from the crystalline cobalt is almost absent for
the titania support.
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Figure S13. (a) Schematic of the SiO, layer in Si(100) substrate and interaction of CoNPs with SiO,Si
substrate; (b) fitted XPS Si 2p spectra showing the presence of Si™*(1 <n<4).

Note: For access to the raw data collected in this manuscript, please email the corresponding author.
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