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In Situ Transmission Electron Microscopy to Study the
Location and Distribution Effect of Pt on the Reduction of

Min Tang, Petra E. de_Jongh, and Krijn P. de Jong*

The addition of Pt generally promotes the reduction of Co;O, in supported
catalysts, which further improves their activity and selectivity. However, due
to the limited spatial resolution, how Pt and its location and distribution affect
the reduction of Co;O, remains unclear. Using ex situ and in situ ambient
pressure scanning transmission electron microscopy, combined with
temperature-programmed reduction, the reduction of silica-supported Co;0,
without Pt and with different location and distribution of Pt is studied.
Shrinkage of Co;0, nanopatrticles is directly observed during their reduction,
and Pt greatly lowers the reduction temperature. For the first time, the initial
reduction of Co,O, with and without Pt is studied at the nanoscale. The initial
reduction of Co;0, changes from surface to interface between Co;0, and
SiO,. Small Pt nanoparticles located at the interface between Co;0, and SiO,
promote the reduction of Co;O, by the detachment of Co;0,/CoO from SiO,.
After reduction, the Pt and part of the Co form an alloy with Pt well dispersed.
This study for the first time unravels the effects of Pt location and distribution
on the reduction of Co;O, nanoparticles, and helps to design cobalt-based

or helps to stabilize smaller metallic Co
nanoparticles (NPs) and hence accelerates
the FTS rates.['*8] It is commonly postu-
lated that the improved reducibility upon
addition of noble metal promoters occurs
via hydrogen spillover from the promoter
to the cobalt oxides.!*!®?] Jacobs et al. re-
ported that the isolated Pt atoms inter-
act with supported cobalt clusters without
forming observable Pt—Pt bonds by us-
ing in situ extended X-ray absorption fine
structure.l?! They thought that these Pt
atoms must be in intimate contact with
the Co clusters to account for a spillover
mechanism.[?’] Nabaho et al. demonstrated
the spillover mechanism in physical mixed
hybrid catalysts (Pt/Al,O; and Co/Al,O;)
despite physical separation of Pt from
Co.l"% Due to the limited spatial resolu-

catalysts with efficient use of Pt as a reduction promoter.

1. Introduction

Supported non-noble metal catalysts, such as Fe, Co, and
Ni, are often difficult to obtain or to keep in the metal-
lic state.'] The addition of noble metal promoters (e.g.,
Pt) facilitates the reduction of the non-noble metal oxide
precursors, which greatly improves the performance of the
catalysts.[*®] For example, Co is widely used in Fischer—
Tropsch synthesis (FTS),'!?] and the addition of Pt gen-
erally enhances the degree of reduction of cobalt oxide
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tion, the location and distribution of Pt are
not clarified in most of the studies.['”?%]
How exactly the Pt and its location and
distribution affect the reduction of Co;0,
remains unclear. For example, should Pt
be located on the support or on the Co,O, nanoparticles?
Are Pt nanoparticles more effective than Pt clusters or single
atoms?

Transmission electron microscopy (TEM), with high spatial
resolution, is an established technology to visualize the location
and distribution of Pt in Pt—Co,0, precursors.?!! With an in
situ gas holder or an environmental transmission electron micro-
scope (ETEM),[2*-26] we can now monitor the reduction process
of Co,0, at atomic scale.[’-** By using the in situ gas holder in
a Cs aberration-corrected microscope, Dembélé et al. monitored
the fragmentation of cobalt aggregates, the disappearance of cav-
ities within the particles, their shape changes, the particle diffu-
sion, and coalescence processes, on the behavior of the Co phase
of Pt—Co;0,/SiO,. However, they did not clarify the location and
distribution of Pt and its effect on the reduction of Co;0,.*! De-
hghan et al. studied the reduction of 12 wt% Co/0.5 wt% Re/a-
Al O, in an ETEM.B4 They found that the original Co,0, ag-
gregates tended to fall apart enhancing the active surface area
during the reduction; however, no differences of the reduction
behavior between the promoted and nonpromoted catalysts were
observed.

Herein, through ex situ atomic resolution high angle an-
nular dark-field scanning transmission electron microscopy

© 2023 The Authors. Small published by Wiley-VCH GmbH
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(HAADEF-STEM), the location and distribution of Pt are clarified
for different Pt-promoted Co,0O, precursors. By using in situ am-
bient pressure STEM, we directly visualize the reduction pro-
cess of Co;0,. Shrinkage of Co,O, NPs was observed during
the reduction. We found that Pt greatly lowered the reduction
temperature and changed the initiation of Co;O, reduction. Pt
and Co formed alloyed NP during the reduction and separated
from the pure Co part. Interestingly, Pt at the interface between
Co,0, and SiO, promoted the reduction of CoO to Co stronger
compared with the Pt single atoms or clusters inside the Co;0,
crystals. These in situ STEM results explained well the differ-
ent temperature-programmed reduction (TPR) peaks of the three
precursors studied.

2. Results and Discussion

2.1. Fresh Precursors’ Characterization

Three catalyst precursors, without Pt and with different loca-
tion and distribution of Pt, were synthesized using a wet im-
pregnation method, i.e., Co;0,—SiO, with 4.8 wit% Co with-
out Pt, Pt—Co,;0,—Si0O,-co with 4.8 wt% Co and 1.0 wt% Pt via
co-impregnation, and Pt—Co;0,—SiO,-se with 4.8 wt% Co and
1.0 wt% Pt via sequential impregnation. Co-impregnation,
adding Co precursor and Pt precursor together, may result in
well-mixed Co;O, and Pt. For sequential impregnation, adding
Pt precursor to the prepared Co,;0,—SiO, precursor could result
in separate Co; 0O, and Pt. More details about synthesis are shown
in the Supporting Information.

X-ray diffraction (XRD) was used to examine the crystal struc-
ture and phase purity of the calcined precursors. Figure 1 shows
the wide-angle XRD patterns of the three kinds of precursors,
Co,0,—Si0,, Pt—Co,;0,—Si0,-co, and Pt—Co,0,—SiO,-se, with

¢ — Pt-C0,0,-Si0,-se
¢ Co,0, — Pt-Co,0 A-Sioz-co
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Figure 1. XRD patterns of as-prepared three kinds of precursors, Co;O,4—
Si0,, Pt—-Co3;0,-Si0,-co, and Pt-Co;0,-SiO,-se, with baseline and sup-
port OX-50 subtracted. Indexing is based on a = 0.8084 nm (Fd3m) for
Co;30,, and a=0.3923 nm (Fm3m) for Pt. The original patterns are shown
in Figure S1 (Supporting Information).
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the baseline and support material OX-50 being subtracted.
The diffraction peaks marked by black rhombus identify the
precursors as cubic Co;O, (@ = 0.8084 nm, Fd3m, Powder
Diffraction File Database (PDF-2) entry: 42-1467) for all these
three precursors. The average crystallite sizes of Co;0, roughly
estimated on the basis of the Scherrer formula are 9.4, 7.5, and
10.7 nm for Co;0,—SiO,, Pt—Co;0,—Si0,-co, and
Pt—Co,;0,—Si0,-se, respectively. The diffraction peaks marked
by asterisk of Pt—Co,0,—SiO,-se are identified as Pt (111)
and Pt (200) (@ = 0.3923 nm, Fm3m, PDF-2 entry: 04-0802).
However, no Pt diffraction peaks were observed in the pattern of
Pt—Co;0,—SiO,-co.

The morphology and size of the three kinds of precursors
were measured by HAADF-STEM. As shown in Figure 2a—c,
the Co;0, NPs were distributed over OX-50 quite nonuniformly
for all these three precursors as is expected for the synthe-
sis route applied. The particle size distribution of Co,0, is ac-
quired from more than 200 NPs. The mean sizes of Co;0, were
9.5, 8.0, and 11.6 nm for Co,0,—Si0,, Pt—Co,0,—Si0,-co, and
Pt—Co,0,—Si0,-se, respectively. The sizes are close to the values
obtained from XRD results. The Pt-promoted co-impregnation
sample had the slightly lower size, possibly because of the Pt-
precursor. The sequential impregnation sample displayed the
largest sizes, possibly due to some Ostwald ripening of Co;0,
during the second impregnation step. Except the small variation
of particle sizes, there are no big differences for these three sam-
ples from the low-magnification HAADF-STEM images, which is
a good starting point to study the effects of Pt on the reducibility
of Co,0,.

To further study the location and distribution of Pt, the atomic
resolution HAADF-STEM images were acquired for these three
precursors (Figure 2d—f). The lattice spacings are 2.431, 2.827,
and 2.817 A for the NPs in Figure 2d,e, which corresponds to
Co,0, (311), (220), and (220), respectively. These results demon-
strated that the supported NPs in all these three precursors were
Co;0,. For Pt-promoted samples, except the big Co,O, NPs,
there were many bright dots and clusters (marked by blue dashed
circles), and small NPs (marked by yellow dashed circles) which
could be Pt, as shown in Figure 2e,f. The energy-dispersive X-
ray spectroscopy (EDS) elemental mapping further demonstrated
that as shown in Figures S2 and S3 (Supporting Information).
It is worth noting that although Pt single atoms, clusters, and
NPs are everywhere, the Pt was mainly located inside or on the
surface of the Co;0, crystals as Pt single atoms or clusters for
Pt—Co,0,—Si0,-co (Figure 2e). For Pt—Co;0,—SiO,-se, there
were more Pt NPs located at the interface between Co;0, and
SiO, (Figure 2f). More examples are shown in Figures S4 and S5
(Supporting Information).

X-ray photoelectron spectroscopy (XPS) results show that the
surface of the sequentially prepared sample contains much
more Pt than the surface of the co-impregnated sample as
shown by a much higher Pt/(Si+O) ratio for the sequen-
tial impregnated sample (see Table 1). These results agreed
well with the STEM results in Figure 2ef that Pt located
mainly inside the Co;0, crystals for Pt—Co;0,—SiO,-co, while
at the interface between Co;0, and SiO, for Pt—Co,0,—SiO,-
se. The XPS results also show that the particle size of Co;0,
for sequential impregnated sample is bigger than for the co-
impregnated sample as shown by a lower Co/(Si+O) ratio
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Figure 2. a—c) HAADF-STEM images showing the morphology and size of the three precursors. The particle size distribution of Co;0,, obtained from
more than 200 NPs, is inserted in each image. d—f) Atomic resolution HAADF-STEM images showing the lattice spacing of Co;O, and the Pt distribution
marked by yellow (Pt NPs) and blue (Pt clusters and single atoms) dashed circles. The inset images in panels (e) and (f) are the corresponding magnified
area marked by a red dashed rectangle.

Table 1. X-ray photoelectron spectroscopy (XPS) results showing the sur-  for the sequentially impregnated sample (see Table 1), which
face ratio of (Co+Pt) to (Si+O) and Pt to Co for the two precursors with agreed well with XRD and STEM results. The Pt 4f and Co

Pt 2p photoelectron spectra are shown in Figure S6 (Supporting

Information).
co-impregnation se-impregnation
Position 1 Position 2 Position 1 Position 2
- - 2.2. The Reducibility of the Precursors (TPR)

Co/(Si+O) at. ratio X100 0.58 0.49 037 0.33

P1/(S+0) at. ratio x100 009 0.08 0.16 016 The reducibility of the precursors after calcination characterized
by TPR is shown in Figure 3. The TPR profile of Co;0,—SiO,
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Figure 3. TPR profiles of Co;0,-SiO,, Pt-Co;0,-SiO,-co, and Pt-
Co30,-Si0;-se precursors.

reveals two major peaks, which are attributed to the successive
reduction of Co** to Co?*, Co,0, + H, = 3CoO + H,0, and
further to Co°, 3CoO + 3H, = 3Co + 3H,0”?%I in the tem-
perature range of 180-400 °C. The expected ratio of the peak
areas is equal to the ratio of the calculated H, consumption,
which is 1:3. The small peak at high temperature (about 550
°C) is the reduction of cobalt silicate complexes which likely
formed during the reduction at high temperature. The area of
the second peak II (64%) plus the cobalt silicate peak (8%) is
about 2.6 times to the first one I (28%). The Pt-promoted precur-
sors were reduced at much lower temperatures for both reduc-
tion steps (Co;0, to CoO and CoO to Co), in the range of 100—
300 °C (Pt—C0,0,—Si0,-co) and 80-250 °C (Pt—Co,0,—SiO,-
se). The shapes of the major peaks were different indicating dif-
ferent reduction processes, which is due to the presence and dif-
ferent location and distribution of Pt as shown in Figure 2e,f.
For both Pt-promoted precursors, the area of the second peak
II is no longer three times to the first peak I, even peak II plus
peak III is far less than three times of peak I, so peak I must
contain some direct reduction processes, from Co;0, to Co, es-
pecially for Pt—Co,;0,—SiO,-se. The first small peak (9%) for
the co-impregnated sample might be the reduction of PtO or
cobalt salts. The fourth peak (1%) for the sequential impreg-
nation sample may be the reduction of Co;O, NPs without Pt
since the reduction temperature is similar to the sample with-
out Pt. There were two separate peaks, II and III, corresponding
to the reduction of CoO to Co following peak I, indicating that
there were at least two different Co,0, crystals promoted by Pt
differently. In addition, the TPR profile of Pt promoted precur-
sors did not show the peak of the reduction for cobalt silicates,
which suggested that these species formed during the TPR anal-
ysis rather than during catalyst preparation. The above TPR re-
sults indicated the different reducibility of these three precur-
sors and significant effects of Pt on the reduction process of
Co;0,.
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2.3. In Situ STEM to Study the Reduction of the Three Precursors

To investigate the process of Co;0, reduction and the effect of
Pt at the nanoscale, in situ ambient pressure STEM was em-
ployed. In order to study the electron beam effects, several re-
gions were observed with different accumulated electron dose for
each precursor as shown in Figure S7 (Supporting Information).
For the Co;0,—Si0, precursor, shrinkage of the individual cobalt
oxide NPs was observed after reduction at 400 °C in 5% H,/Ar
(Figure 4a,b). Aggregates of Co,;0, NPs with brighter contrast at
the center (Figure 4a, number 7, and Figure 4c) were reduced
to two Co NPs (Figure 4b, number 7, and Figure 4d); one small
single crystal Co;O, NP (Figure 4a, number 8, and Figure 4e)
was reduced to one Co NP (Figure 4b, number 8, and Figure 4f).
To get more details during the reduction, we performed in
situ reduction at a range of temperatures, from 25 to 400 °C
(Figure 4g-p). At 100 °C, no obvious change was observed
(Figure 4h,m). At 200 °C, some bright contrast on the surface of
NP indicated that the reduction from Co** to Co?* started from
the surface of Co;0, (Figure 4i,n). More examples are shown in
Figures S8 and S9 (Supporting Information). When further in-
creased the temperature to 300 °C, the bright contrast part be-
came bigger (Figure 4j,0). At 400 °C, the NPs further shrank and
redispersed to several small NPs (Figure 4k,p).

For the Pt-promoted precursors, the in situ STEM results are
shown in Figure 5, at room temperature in Ar (Figure 5a,g) and
directly after reduction at 400 °C in 5% H, /Ar (Figure 5b,h). Be-
sides the obvious shrinkage similar to samples without Pt, the ag-
gregate Pt NPs sintered. After reduction, for the co-impregnated
sample, the Co;0, NP changed to separate parts with bright
contrast and weak contrast (Figure 5d,f). For the sequential im-
pregnation sample, the bright particle was always surrounded by
some parts with weaker contrast (Figure 5j,1). Another big differ-
ence for these two Pt-promoted precursors is that the Pt sintered
strongly for the sequential impregnation sample, which is prob-
ably due to the small Pt NPs and its location on the surface but
not inside the Co;0, NPs. However, at such low magnification,
from the morphology and the contrast of the NPs, we have lim-
ited information about the distribution of Pt after reduction.

To study the reduction process of Pt-promoted precursors in
detail, the whole reduction was imaged over a range of tem-
peratures. At 100 °C, there were already some changes, with
dark contrast appearing at the interface, marked by red arrows
in Figure 6g,q, which indicates that part of the NP detached
from the SiO, support due to its shrinkage after the reduction.
And there was no brighter contrast on the surface of the NP.
These results demonstrated that the reduction started from the
interface between Co;0, and SiO,. More examples are seen in
Figures S10-S13 (Supporting Information). Interestingly, the ini-
tiation of reduction is always with Pt nanoparticles’ aside. At
200 °C, obvious shrinkage was observed (Figure 6h,r). At 300
°C, for the co-impregnated one, the NP continued to shrink
(Figure 6i), while for the sequential impregnated sample, the
NP split, i.e., two parts appeared, the part with bright contrast
and another part with weak contrast. The part in direct con-
tact with Pt may sinter together with Pt forming an alloy, the
part not in intimate contact with Pt detached from the support
(Figure 6s). It seems that only Pt nanoparticles at the interface
between Co,0, and SiO, lead to detachment of Co from the SiO,
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Figure 4. a,b) In situ HAADF-STEM images for direct reduction of Co30,—SiO, in 1bar 5%H, /Ar a) from room temperature to b) 400 °C. c—f) Magnified
images for NPs c,d) numbered 7 and e,f) 8 in panels (a) and (b). g—p) In situ STEM results showing the reduction process of Co;O, in 1 bar 5%H, /Ar
at a range of temperatures, g-k) from 25 to 400 °C and |-p) corresponding zooming area marked by white dashed rectangles. The accumulated electron

dose D=9252¢ A2,

support. At 400 °C, the co-impregnated sample was reduced to
NPs with Pt and Co together (Figure 6j), while the sequentially
impregnated one displayed weak contrast parts surrounding the
bright contrast part (Figure 6t). Different regions with a series
of accumulated electron dose gave similar results, as shown
in Figures S14-S21 (Supporting Information), which indicated
that our in situ STEM results were not affected by the electron
beam.

2.4. Ex Situ STEM to Identify the Distribution of Pt After
Reduction

To study the Pt distribution after reduction, the chips used
in in situ STEM experiments were observed using an inspec-
tion holder in a double Cs-corrected microscope. Figure 7a—f
shows the EDS elemental mapping for Pt—Co,0,-co (Figure 7a—
¢) and Pt—Co;0,-se (Figure 7d-f), respectively. The bright NPs
in HAADF-STEM images (Figure 7a,d) contained Co and Pt
(Figure 7b,c,e,f) which indicated that the bright NPs were alloyed.
The NPs with weaker contrast near (Figure 7a) or surrounding
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(Figure 7d) the bright NPs were Co (Figure 7b,e). Figure 7gh
shows atomic resolution HAADF-STEM images for Pt—Co;0,-
co (Figure 7g) and Pt—Co,0,-se (Figure 7h), respectively. The lat-
tice spacing of the bright NPs corresponding to CoO as the re-
duced samples was passivated in air. These results showed that
the Pt did not sinter to Pt NPs, but instead formed alloy with Co
after reduction. We also did ex situ reduction in a quartz reactor
to compare with in situ reduction for these three precursors. Be-
cause of the passivation in less than 0.1 ppm H, O and O,, the Co
NPs were re-oxidized and encapsulated by a CoO/Co, 0, shell as
shown in atomic resolution HAADF-STEM images (Figure 7i-k).
More examples are shown in Figure S22 (Supporting Informa-
tion). The statistical data for the shell size and the shell composi-
tion are shown in Figure S23 and S24 (Supporting Information),
respectively. The Co;0,—SiO, sample showed the Co core and
the averaged 2.8 nm CoO/Co,;0, shell. The precursors with Pt
showed a smaller CoO/Co;0, shell, 2.1 nm for Pt—Co,0,—SiO,-
co and 1.9 nm for Pt—Co;0,—SiO,-se. The different Co/Co304
shell sizes indicate that the Pt not only promotes the reduction of
Co,0,, but also hinders the reoxidation of Co. Pt cluster or single
atoms were inside the reduced Co core and Pt NPs are outside

© 2023 The Authors. Small published by Wiley-VCH GmbH
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a 25°C, Ar b

400 °C, H,

25°C, Ar 400 °C, H,

Figure 5. a,b) In situ HAADF-STEM images for direct reduction of Pt-Co;0,4-SiO,-co in 1 bar 5%H,/Ar a) from room temperature to b) 400 °C. c—
f) Magnified images of c,d) number 1 NP and e,f) number 7 NP in panels (a) and (b). g,h) In situ HAADF-STEM images for direct reduction of
Pt—Co304-se in 1 bar 5%H,/Ar from g) room temperature to h) 400 °C. i-I) Magnified images of i,j) number 5 NP and k,I) number 3 NP in panels

(g) and (h).

the Co core, marked by yellow dashed circles (Figure 7j,k). These
ex situ reduction results agreed well with in situ reduction results
that Pt was distributed uniformly in Co after reduction. However,
the reduced catalysts after passivation in ex situ reduction exper-
iments (Figure 7j,k) were a little different from those in in situ
STEM experiments (Figure 7g,h) because of different reduction
condition, such as gas flow rate and hydrodynamics.

2.5. A Schematic Model for the Effects of Pt Promotion on the
Reduction of Co,0,

A structural model was derived, as shown in Figure 8, to present
the effects of Pt promotion and its location and distribution on
the reduction of Co;0, to Co. The location and distribution of Pt
for the two Pt—Co;0,—SiO, precursors were different, i.e., the
Pt was mainly located inside or on the surface of Co;0, crystals
as Pt single atoms or clusters for Pt—Co,;0,—Si0,-co, and at the
interface between Co;0, and SiO, as Pt NPs for Pt—Co,0,—SiO,-
se, demonstrated from the atomic resolution HAADF-STEM im-
ages (Figure 2) and XPS results (Table 1). The addition of Pt de-
creased the reduction temperature and changed the reduction
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process significantly, as shown in TPR and in situ STEM re-
sults (Figures 3-6). Without Pt, the reduction of Co;0, to CoO
started from the surface of Co;0,, and further reduction of CoO
to Co with limited but distinct formation of some cobalt silicates.
The Pt affected the initiation of Co;0, reduction from the sur-
face of the NP to the interface between Co;O, and SiO,. Small
Pt NPs supported at the interface between Co;0O, and SiO,, led
to detachment of Co;0,/CoO from the SiO, support due to the
shrinkage of Co;0, and the alloy formation of Pt and reduced
Co (Figure 7), which weakened the metal oxide support interac-
tion and promoted the reduction of CoO to Co strongly. Pt clus-
ters or single atoms inside or on the surface of Co;0, crystals
did not weaken the metal oxide support interaction and mainly
promoted the Co;0, reduction via hydrogen dissociation. There-
fore, the reduction temperature of Pt—Co;0,—SiO,-co precur-
sor was higher than that of Pt—Co,0,—SiO,-se precursor. When
the reduction was complete, the reduced Co NPs were detached
from the SiO, support and surrounded the Pt,Co, alloy for the
Pt—Co,0,—Si0,-se precursor. While for Pt—Co;0,—SiO,-co pre-
cursor, the reduced Co NPs were located on the SiO, support with
Pt,Co, alloy nearby. In the presence of Pt, cobalt silicates were not
formed.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 6. a—j) In situ HAAFD-STEM results showing the reduction process of Pt-Co30,4-SiO,-co in 1 bar 5%H, /Ar over a range of temperatures, a—e)
from 25 to 400 °C and f—j) corresponding zooming area marked by white dashed rectangles. The accumulated electron dose D = 24 200 e~ A =2, k-t)
In situ HAAFD-STEM results showing the reduction process of Pt-Co;Oy4-se in 1 bar 5%H, /Ar at a range of temperatures, k-o) from 25 to 400 °C and
p-t) corresponding zooming area marked by white dashed rectangles. The accumulated electron dose D = 21234 ¢~ A =2,

3. Conclusion

In conclusion, using aberration-corrected STEM, in situ ambient
pressure STEM, and TPR, we studied the Pt promoting effect on
the reduction of Co;0, and clarified the significant role of the
location and distribution of Pt. Shrinkage of Co,0, NPs was ob-
served during the reduction due to the removal of oxygen, the
density differences between oxide and metal and the rounding
off of metallic NP. Pt greatly lowered the reduction temperature
and changed the reduction initiation of Co;0, from its surface
to the Co;0, and SiO, interface. The Pt NPs at the interface be-
tween Co, 0, and SiO, promoted the reduction of Co,0, stronger
when compared with the Pt single atoms or clusters on the sur-
face or inside the Co;O, NPs. Pt distributed well and formed alloy
with part of reduced Co after reduction. This work provides direct
evidence of the effect of Pt location and distribution on the reduc-
tion of Co;0, and gives a way for the rational design of efficient
cobalt-based catalysts.
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Figure 7. Results of ex situ STEM studies. a—f) EDS elemental mapping of a—c) Pt-Co;O4-co and d-f) Pt-Co;Oy4-se precursors af-
ter in situ STEM reduction. gh) Atomic resolution HAADF-STEM images of g) Pt-Co;O4-co and h) Pt-Co;O4-se after in situ re-
duction. i-k) Atomic resolution HAADF-STEM images of i) Co;O,, j) Pt-Co;04-co, and k) Pt-Co;O,-se after ex situ reduction and

passivation.
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