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netics to study Pt and Co nanoparticle catalysts reveals key insights 

into the role of platinum in promoted cobalt catalysis. 

Simon K. Beaumont,
‡a,b,c

 Selim Alayoglu,
‡a,b

 Colin Specht,
a,b

 William D. Michalak,
a,b

 Vladimir V. 

Pushkarev, 
† a,b

 Jinghua Guo,
d,e

 Norbert Kruse,
f,g

 Gabor A. Somorjai*
a,b

 

a 
Department of Chemistry, University of California, Berkeley, CA; 

b 
Materials Sciences Division, Lawrence Berkeley Na-

tional Laboratory, Berkeley, CA; 
c
 Department of Chemistry, Durham University, South Road, Durham, DH1 3LE, United 

Kingdom; 
d
Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley CA; 

e 
Department of Chemistry and 

Biochemistry, University of California, Santa Cruz, CA; 
f
              b               ,                      a    a  , 

Campus de la Plaine CP 243,B-1050 Bruxelles, Belgium. 
g
Department of Chemical Engineering and Bioengineering, Wash-

ington State University, Pullman, WA. 

 

1. Experimental Methodology 

Nanoparticle and catalyst synthesis: 

10     oba    a opa   c   , 1.9        a opa   c    a    o-   b    a   c  a p    w    p  pa    a    po     

p    o    .
,1,2,3

  

12      a       a opa   c    w    p  pa    b  a    j c  o  of   (acac)2 p  c   o   a      1- o  ca o     o a 

 o   o    o  of o   c ac      1- o  ca o  a  230 ° . T p ca   , 20  g   (acac)2 (A    c , 99.9% p   ) wa     -

 o        3    1-  o  ca o  (A    c , A S g a  )    a 20     c      a  o    a . 150 μ  o   c ac   (A    c    c -

  ca  g a  ) wa      o        10    1- o  ca o     a 50         -  ck  o    bo  o  f a k. T   f a k wa    ac -

a    a   f       w    A       a       , a        p ac      a  o   ba   p  -  a     o 230 ° . T      p  a     wa  

 o   o    w    a        a  K-  p       oco p  . W           p  a       ac            po   ,        p  c   o  

 o    o  wa    j c       o      o  o   c ac    o    o . T     ac  o  wa  a  ow    o     fo  20    . T     ac  o  

wa        a    b     o   g     f a k f o      o   ba   a       f a k wa  coo     ow  b      g a co   a   b ow  . 

Ac  o   (VWR   ag    g a  ) wa  po        o     co  o  a     p    o , a               wa  c     f g   a  4300 

 p  fo  10    . T   p  c p  a   wa            p         c  o ofo   (VWR   ag    g a  ) fo  f          .  

A    a opa   c    w      b            ppo           opo o       ca,   F-17, w  c   a  b            z   ac-

co    g  o       po         o ,
4
 a         a  200 °         ac    p  o   o    .   F-17    opo o       ca, w    

po     z          c a ac       c  a g  of 20–50   , wa      b  a         c     o acco  o a          a        a g  

 a opa   c    (9 - 13   ).   F-17 wa          p         c  o ofo   b fo   a    g               o     of  a o-

pa   c    o    o ( ), a  o  o  ca     o             p    o         c  o ofo      w  c       w      o   . So  ca  o  

wa  co        fo  40     b fo          p    o  wa  c     f g   a  3000  p  a   wa     w    20  o . %    a o  

   ac  o              . T     ppo     ca a     wa       o          a  100 ° . S ppo      a opa   c   ca a      

w    co     o    a  450 °     1 a  . H2 (80%    H     )          ac o  p  o   o ca a    c       g. (T       p  a-

     wa    p   ca    fo     o b  op   a           of       a   ac       a      b         o co    po    o     b    

co     o   fo     o a  of     o ga  c  a    a  w  c     a    f o                w   o     g  f ca           g.)   

Nanoparticle characterisation: 

TE  a   HRTE    ag   w    ob a     b      g J o  2100  a 6   a       o     c  o    c o cop . 2-D  a-

 opa   c   f     w    c a ac    z   b      g a ZEISS     a55 a a    ca   ca    g    c  o    c o cop . 

STE /EDS a a      wa  ca      o   b      g a J o  2100F   a       o     c  o    c o cop      pp   w    a  

IN A     g     p        p c  o     . E      a   ap  of         ,  o K a   S  K  p c  a        w    ob a        

     ca    g  o   b      g a 1.5     -b a  p ob . X- a  p o o   c  o   p c  a of 2-D  a opa   c   f     w    

 ak   a  10
-8
 To   ba   p        b      g a    k   E      HI 5400  p c  o      w    a  A  K  o  c .  

I  -AES a a      wa  co   c    w    a  I   Op   a 7000 DV           . T    o       o       a  238.175 

   a            o       204.937    w      p o    fo      ca  b a  o  a     a         . Fo      , 10-20  g 

c a g   of   F-17   ppo      a opa   c   ca a      a p    w    f         o        3    a  a   g a. T         a  

 o    wa  f    a    b  c     f ga  o  a        o    o  wa           o 50    w         Q wa     o b  a a  z      
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I  -AES. T   ca  b a  o    a  a    w    p  pa    f o  a  o I     a  a   (A    c , 2 w . %         c ac  ) a   a 

   I     a  a   (A    c , 5 w . %        oc  o  c ac  )    6  o . % a  a   g a. T                 a   oa   g fo  

 ac  ca a      a p      g     b  ow.  

Catalytic reaction measurements: 

K     c         w    p  fo         g a         b  a  p  g f ow   ac o  ( . . 3   )   a        g a p  po   b     

 ID-co   o        c   ca  f   ac . T   ca a      a p   (50  g) wa     a     b  w    p  g  of   a  z woo , a   

      ac o     p  a      o   o    w    a K-  p       oco p  . A   ac a   ga  f    co       g of  O2 (11.1  cc , 

 O  99.5%), H2 (33.3  cc ,   a a   99.999%) ba a c   w    H  (5.6  cc ,   a a   99.999%), co    po    g  o 

    1:3   ac  o    o c  o     , wa              a a        of     p       ca  b a     a   f ow co   o      ( KS 

I          ). T    o a  f ow wa  50  cc , g    g a ga   o      pac     oc    ([c 
3
 (ST ) (H2 +  O2 + H )/g   p-

po     ca a    ]/    ) of 60,000  
-1
. T   p        (a   o   o    b  a capac  a c  ga g  a            o       ac o ) 

wa    g  a      a a         a     o 6 ba  o  op     f      o a  ow a  o p    c p        (1 ba )   a         . 

T   ga          g       ac o  w    a a  z       g a H w      acka   H  5890 S      II c  o a og ap      pp   

w    bo   FID a   T D     c o  . Ha a  p-D pack   co      w      p o    fo  bo       c  o a og ap  c   p-

a a  o  of  O2,  O, a    H4 (T D) a       c   g     p     c  of  1– 3     oca bo   (FID).  a  b a  o  of   -

     o        a   p ak             wa   a       c    w    a   ob         ac a    a   p o  c  .             co   -

  o    O2 co      o   w      p ca    ~5 %,       z  g     co    b   o  of   b          ac  o   of     p   a   

p o  c   w        ca a    . T   TOF  a     p o      a           b   ak  g     p oj c       fac  a  a ba    o  

TE  coba   pa   c     z ,     w  g   % coba    oa   g a       a  f o  I  -AES, a          b   of p o  c   o  -

c     p o  c   a   o   o    b  G . T               a  ow   bo    o  TOF,    c     a       a          fac  of     

 o pa   c       a a  ab    o       ac a   . E  o   fo  TOF  a     a           f o        a  a       a  o  of   p  -

ca       . O     o    fac     co         a  w  p    o           f    p       pa   c     o  o  p o  c      a   

            co     o  . Fo      b    a   c  o   pa   c   ,     TOF    ca c  a    a      g 50% of        fac  a  a 

   occ p    b   o a o  ,  ow     g           ac       of       a    a  fo   O2  o     a   co      o    po     o  

p    o           ac      o  of ca c  a  o     of        co       c .
2 
 a bo  ba a c  fo          ac  o       ca    

  a          o   of ca bo  / ca bo    po    o  occ    ( o -    c ab  ). S  c      foc          g  o    ca a       o 

  p o    ow c a g  g     co b  a  o  of  o a      aff c     ac  o   a  ,      a    ac  o   a     a          w    

p  fo     o        f     5   af    ca a     p  -   a     . I    o    b   o    w   a   p    o     fo     o   g  f -

ca     ac   a  o  (<10%)         a   of 10     o ca a      o    24  o    a  6 ba  a   300 °  ( o            a  

     p        ) a   a  o   p o    w         g  f ca    o p o og  /   z  c a g   occ   a  a        of        p  -

   a      o    ac  o  a   fo      a        o  o .
3
  

In situ NEXAFS spectroscopy: 

I       NEXAFS  p c  o cop    a          w    co   c    a  b a      7.0.1 ( ow  o     o 8.0.1) a      

A  a c     g   So  c     c  o  o   a  a  o  fac      a   aw   c     k     Na  o a   abo a o  . Sa p    w    

p  pa    a     g    a    f     of  a opa   c    (~50% co   ag ) b    p-coa   g o  o a S   co  waf  . Fo   a p    

w    p a      a   coba    a opa   c   , a S  waf   wa    pp      o f     a           co  o  a     p    o  (~5 

μ o /   c  o ofo  ) a        a co c    a     o co  o  a     p    o  (~0.3   o /   c  o ofo  ). A      ca    

b      SE    ag   (    b  ow),    a    o  a opa   c               pa a    o a    w     o appa     p    ca  

o    ap b  w         wo        . T     : o  a  o  a         o g    1:30 fo      12      ,            f o      

SE  p c     , a   1:15 fo      1.9      ,            f o      X S  p c     (a     c  b   b  ow). S  c     ac   

a      c o     f a  b    o    fo      S O2   ppo     3-D ca a     a      fo     o b          ff c       co   c   g, 

     a     o      a    wa   o     o    p  o   o  a opa   c     po    o . NEXAFS  p c  o cop          w    ca -

     o      o   p  po  -b     f ow c    a     c  b       w    .
5 
X- a  ab o p  o  a       o  -  g  wa    co     

w    0.3  V    o    o      g      o a     c  o          g a    a      b   o   o   g     f ow of    c  o   f o  

 a     o      a p  . R   c b      of  ac   a p   wa          b  f     o    z  g    a  a  o p    c p        f ow of 

O2 (  a a  , 99.993%)    H  (A  ga , 99.9999%) (1:4) a  100 ° , coo   g a          c        g        p  a     

  co    g a        of  o  -  g   p c  a a   ac     p  a     (o    a       ca   of 40 - 80        )    1 ba  p    H2 

(  a a  , 99.996%)        o f       c a g   b  w     p c  a w    ob      . T    wa   o    o             o  a  

a       a  a   ab     a   o  wa  o    c a g  g        ow   o           ca   of         c  o  p oc   . Sp c  a w    

f       o    p   g   o  a  z     f    c   a a ac       p    o     a       a   b a          ac      a a   a   

   a    f     g     o . S  c            p ak   ap  a o         3-  g    a  c a g    o     a a  ca    b  w      f-

f      o   a  o    a   ,      p c  a w    f      b  w    785  V a   780  V  o       z        pac  of backg o    

a    o  a  za  o     o     a   a  b  p       ac o       w o    p c     a   b co   a  a g   p  c   ag  of     

o   a   f    f  a g     g o   of      p c  a a    g    p o o      g    a     c     . F            fo      f     g of a   

 p c  a a   a    a p     ow  g  a  o   co po      a               f   a   p o      b  ow. 
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2. Fitting of NEXAFS spectra: 

 

Table S1. Summary of fitting results for all spectra in main text Figures 3 and 4. 

Sample Conditions % Co(0) % Co(II) (Oh) % Co(II) (Td) Co3O4 

10 nm Co alone oxidised, RT 13 73 14 0 

  80 °C, H2 5 48 46 0 

  175 °C, H2 42 45 13 0 

  225 °C, H2 73 27 0 0 

10 nm Co + 12 nm Pt oxidised, RT 0 55 0 45 

  80 °C, H2 22 77 1 0 

  175 °C, H2 58 21 17 4 

  225 °C, H2 87 13 0 0 

10 nm Co + 1.9 nm Pt oxidised, RT 13 78 9 0 

  80 °C, H2 41 59 0 0 

  175 °C, H2 72 28 0 0 

  225 °C, H2 89 7 4 0 

 

 

Figure S1. Example of fit of Co L3-edge NEXAFS spectrum using least squares fitting of Co reference spectra: Co with 1.9 nm Pt in H2 at 

175 °C. Reference data: Co0 metallic cobalt; Co2-Oh oxidation state 2+ cobalt reference with cobalt atoms octahedrally co-ordinated.  

 

3. Ex situ characterisation of NEXAFS samples: 
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Figure S2.  XP Spectrum of Si wafer supported NEXAFS sample (~1.9 nm Pt with 10 nm Co), from which an approximate Co:Pt ratio 

was estimated as described below. Inset shows Pt 4f and Co 3p region.   

 

 

Figure S3. Examples of pre-NEXAFS sample (~12 nm Pt with 10 nm Co), from which a very rough Co:Pt ratio was estimated as de-

scribed below.   

 

E    a  o  of   : o  a  o  fo  NEXAFS  a p   : 

Sa p    co p     g ~1.9       w    10     o pa   c   :         o  o a o  c  a  o wa                 g X S. 

T    p c       ow     F g    S2     ca    a   ac       g a , w  c  (g           c   a g   X- a  c o     c  o  

a  a of        o w        g A  K   c      p o o  )    a     o a  a o  c  a  o fo   o:   of ~ 15 : 1. 

Sa p    co p     g ~12       w    10     o pa   c   : X S a a      of       a p        o      c    ,  o w  

a   c pa             a      1.9       pa   c  -co  a    g  a p  . I    a , a c          a   of     a o    of    wa  

ob a         g a        of SE    ag   (  a p       F g    S3), ba    o    z  a   co   a             c  o    ag  

( ak  g     of     Z-          back ca      g co    b   o  a    a  a  o      co   a  ). E a p      a    o pa   -

c    a     g   g    , b   a   b         b   a    g     co   a            ag  . T      b    a  o         a     o b  ~ 

1:37    :  o pa   c    (ba    o  co     g ~ 2000 pa   c   ).    acco     g fo      a   ag  pa   c     z   (k ow  

f o  TE ), a      g a  fcc c    a  pack  g     c     a    a   c  co   a    of 3.51 Å a   3.92 Å fo   o a      

   p c      , g     a   : o a o  c  a  o of ~ 1:30. W              o     o         app o   a  ,                

 a  o       goo  ag        w    o     p c a  o   fo        a p   ba    o        ff    c         X   p c  a.  o  -

o   ,     a o    of    p              a  a    pac  o         a            of     c  o  of     coba   a   o   o    b  

NEXAFS. X- a  f  o   c  c  o  EE S co     o  b        a   fac o     w           a p    a  a       / c o   

pack    a                fo  NEXAFS    o      o ob a     g a , a          a     a       w          a      p ob  
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  z   co  o    a a  ab      EDS-SE    ag  g (w  c  a    a g    a  fo  TE ),            g  f ca   o    ap w    

a    b   of  a opa   c   .    

 

Figure S4. Example of a post-NEXAFS sample (1.9 nm Pt with 10 nm Co), which appears to show no (little visible) damage / change 

from the expected structure has occurred during spectral acquisition.   

4. Estimation of surface atomic layer fraction of the NEXAFS signal when probing a 10 nm 
nanoparticle.  

I     a         a  pa   c    b   g p ob    a  10      a       a          fac   a       0.27    ( w c        -

p   ca  a o  c  a     of a  o a o ). T     po     p ob  g   p   of       c          ~ 2.7   .
6
 To      a          -

fac  a o  c  a    f ac  o  of NEXAFS   g a  w  a      a    po     a    ca           a     g a            f o  

       fac  of     pa   c   a  

𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 ∝  𝑒           

w     r            a c  f o      c      of     pa   c  . T      a                a  b      g a    fo         fac  

      of a  p     a       w o   pa   c       g: 

∫ 𝑒          · 𝑟 𝑑𝑟
 

 
    a      ∫ 𝑒          · 𝑟 𝑑𝑟

 

    
 

T    a  o of           g a     p       a  app o   a     22% of     NEXAFS   g a  (a  a      c     app o   a-

  o )   o    b  o  g  a   g f o         fac   a    ( g o   g           b   o  of   z  , pa   c     ap  a   p ob  g 

    c  o ).  

5. ICP-AES results. 

Table S2: Loading of Co and Pt in each MCF-17 supported catalyst sample determined from ICP-AES.  

Sample wt % Co wt % Pt 

10 nm Co alone  

/ MCF-17 4.9 0.0 

 11nm CoPt bimetallic  

/ MCF-17 2.7 6.9 

10 nm Co + 12 nm Pt  

/ MCF-17 4.0 0.7 

 

6. Ex situ characterization using STEM/EDS of Pt and Co particle mixture after deposition on 
3D mesoporous silica.  
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Figure S5.  Example of STEM-EDS phase mapping of 10 nm Co + 12 nm Pt / MCF-17 3-D sample, showing Pt particles (green) and pres-

ence of cobalt (red), on silica (blue). 

Discussion of STEM-EDS: Although identifiable Pt features of the correct size can be seen using the EDS tech-

nique as a local chemical probe (Figure S5), the overall higher concentration of cobalt nanoparticles, and the 3-D 

nature of these materials, makes identification of specific cobalt particles impossible when summed over the ver-

tical height of these thick 3-D samples such that multiple particles are likely to be probed. ICP-AES is therefore 

the best measure of particle densities within the 3-D samples. 
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