
w w w .te ch n ol ogy .m a tthe y .co m

https://doi.org/10.1595/205651318X696828 Johnson Matthey Technol. Rev., 2018, 62, (2), 231– 255 

T ow a rd P l a tin u m  G rou p M e ta l - F re e  C a ta l y sts 
f or H y droge n /A ir P roton - E x c ha n ge  M e m b ra n e  
F u e l  C e l l s 
C a t a l y s t  a c t i v i t y  i n  p l a t i n u m - f r e e  s u b s t i t u t e  c a t h o d e  a n d  a n o d e  m a t e r i a l s  

F r é d é r i c  J a o u e n * ,  D e b o r a h  J o n e s  
I n stitu t C ha rl e s G e rha rdt M on tpe l l ie r, C N R S  -
U n iv e rsité  M on tpe l l ie r -  E N S C M , P l a c e  E u ge n e  
B a ta il l on , 34 095 M on tpe l l ie r c e de x  5, F ra n c e  

N a t h a n  C o u t a r d ,  V i n c e n t  A r t e r o #  

L a b ora toire  de  C him ie  e t B iol ogie  de s M é ta u x , 
U n iv e rsité  G re n ob l e  A l pe s, C N R S , C E A , 17  ru e  
de s M a rty rs, 38054  G re n ob l e  c e de x  9, F ra n c e  

P e t e r  S t r a s s e r  
T e c hn isc he  U n iv e rsitä t B e rl in , I n stitu t f ü r 
C he m ie , S tra sse  de s 17 . J u n i 124 , 10623 
B e rl in , G e rm a n y  

A n t h o n y  K u c e r n a k  
D e pa rtm e n t of  C he m istry , I m pe ria l  C ol l e ge  
L on don , S ou th K e n sin gton  C a m pu s, L on don , 
S W 7  2A Z , U K  

E m a i l :  * f re de ric .j a ou e n @ u m on tpe l l ie r.f r, 
# v in c e n t.a rte ro@ c e a .f r 

T he  sta tu s, co n ce pts a n d ch a l l e n ge s tow a rd 
ca ta l y sts f re e  of  pl a tin u m  grou p m e ta l  (pgm ) 
e l e m e n ts f or proton - e x ch a n ge  m e m b ra n e  f u e l  
ce l l s (P E M F C ) a re  re v ie w e d. D u e  to the  l im ite d 
re se rv e s of  n ob l e  m e ta l s in  the  E a rth’ s cr u st, a  
m a j or ch a l l e n ge  f or the  w orl dw ide  de v e l opm e n t 
of  P E M F C  te ch n ol ogy  is to re pl a ce  P t w ith pgm -
free catalysts with sufficient activity and stability. 
T he  priority  ta rge t is the  su b stitu tion  of  ca thode  
ca ta l y sts (ox y ge n  re du ct ion ) tha t a cco u n t f or 
m ore  tha n  80%  of  pgm s in  cu rre n t P E M F C s. 
R e ga rdin g hy droge n  ox ida tion  a t the  a n ode , 

u l tra l ow  P t co n te n t e l e ct rode s ha v e  de m on stra te d 
good pe rf orm a n ce , b u t a l te rn a tiv e  n on - pgm  
a n ode  ca ta l y sts a re  de sira b l e  to in cr e a se  f u e l  ce l l  
rob u stn e ss, de cr e a se  the  H 2 pu rity  re q u ire m e n ts 
a n d e a se  the  tra n sition  f rom  H 2 de riv e d f rom  
n a tu ra l  ga s to H 2 produ ce d f rom  w a te r a n d 
re n e w a b l e  e n e rgy  sou rce s. 

1 .  I n t r o d u c t i o n  

1 . 1  O p p o r t u n i t i e s  f o r  P E M F C s  

E l e ct roch e m ica l  de v ice s, a n d P E M F C s in  pa rticu l a r, 
a re  u n de r in te n se  de v e l opm e n t f or a  cl e a n e r a n d 
more efficient use of energy, including the use 
of  re n e w a b l e  e l e ct rici ty  f or tra n sporta tion  (1). 
W hil e  re ch a rge a b l e  b a tte rie s dire ct l y  store  a n d 
disch a rge  e l e ct ric pow e r, H 2/a ir P E M F C s co n v e rt 
the  ch e m ica l  e n e rgy  of  H 2 in to e l e ct rici ty  a n d 
he a t. T oda y , the  l ion ’ s sha re  of  H 2 produ ct ion  
co m e s f rom  n a tu ra l  ga s. I n  the  f u tu re , H 2 co u l d 
how e v e r b e  produ ce d a t co m pe titiv e  price  a n d 
w ith l ow e r e n v iron m e n ta l  im pa ct  f rom  w a te r a n d 
re n e w a b l e  e n e rgy . T he  pow e r- to- ga s a n d ga s-
to- pow e r co n se cu tiv e  co n v e rsion s n e e de d to 
u se  H 2 a s a n  e n e rgy  ca rrie r m ight se e m  a p r i or i  
l e ss a ttra ct iv e  tha n  the  re v e rsib l e  stora ge  of  
e l e ct rici ty  in  b a tte rie s du e  to its highe r co m pl e x ity  
and lower roundtrip energy efficiency. However, 
te ch n ica l  re q u ire m e n ts a n d cu stom e r a cce pta n ce  
ca n  f a v ou r f u e l  ce l l s ov e r b a tte rie s f or c e rta in  
m a rk e ts. I n  the  a u tom otiv e  se ct or f or e x a m pl e , 
l ithiu m - ion  b a tte ry  e l e ct ric v e hicl e s (B E V ) of f e r 
shorte r driv in g ra n ge  tha n  in te rn a l  co m b u stion  
e n gin e  (I C E ) v e hicl e s. I n  co n tra st, H 2- pow e re d 
P E M F C  v e hicl e s ha v e  a l re a dy  de m on stra te d a  
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driv in g ra n ge  of  500 k m  a n d re f u e l l in g tim e  of  
l e ss tha n  4  m in  (2, 3). W he the r b a tte ry  or f u e l  
cell, the electrification of the automobile could 
significantly cut carbon dioxide emissions (25% of 
C O 2 e m ission s origin a te d f rom  the  tra n sport se ct or 
in  2010 (4 )) a n d re du ce  ou r re l ia n ce  on  f ossil  f u e l s. 
O the rw ise , C O 2 e m ission s f rom  roa d tra n sporta tion  
w il l  co n tin u e  in cr e a sin g ov e r the  n e x t de ca de s, du e  
to an increased global fleet of vehicles (F i g u r e  1 ). 
H 2 is of te n  pe rce iv e d a s m ore  da n ge rou s tha n  

ga sol in e - f u e l l e d I C E . H ow e v e r the  l ow  de n sity  of  
H 2 n a tu ra l l y  pre v e n ts the  de ton a tion  l im it f rom  

being reached in an unconfined space. BEVs are 
distin ct l y  a ssoci a te d w ith l ow  driv in g ra n ge  a n d 
the difficulty in knowing the instantaneous state-
of - ch a rge  of  a  b a tte ry  (5). C on side rin g sy ste m s 
a b l e  to de l iv e r the  sa m e  e l e ct ric pow e r (k W ), the  
w e ight of  a  H 2- ta n k /P E M F C  sta ck  sy ste m  b e co m e s 
sy ste m a tica l l y  l ow e r tha n  tha t of  a  re ch a rge a b l e  L i-
b a tte ry  a b ov e  a  ce rta in  thre shol d a m ou n t of  e n e rgy  
(k W h). W hil e  the  e x a ct  thre shol d v a l u e  de pe n ds 
on  the  te ch n ol ogy  sta tu s a n d a l so on  the  m a ss of  
the  ca r, thre shol d v a l u e s of  20– 30 k W h ha v e  b e e n  
e stim a te d (1, 2). A s a  co m pa rison , 10 k W h is the  
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F ig. 1. (a ) A ssu m e d te c hn ol ogy  m ix  f or c a rs u n til  2050 (m il l ion  v e hic l e s);  (b ) pre dic te d C O 2 e m ission s 
f rom  c a rs (giga ton n e s C O 2 y e a r– 1). Reproduced from (4). The model assumes that global car fleet remains 
dominated by gasoline and diesel ICE (78%), a significant share of hybrid vehicles (18%) and a small 
f ra c tion  of  E V s (4 % ). K e y : I C E V  =  in te rn a l  c om b u stion  e n gin e  v e hic l e ;  E E U R  =  E a ste rn  E u rope ;  W E U R  =  
W e ste rn  E u rope ;  F S U  =  F orm e r S ov ie t U n ion ;  L A M  =  L a tin  A m e ric a ;  M E A  =  M iddl e  E a st a n d A f ric a . U se d b y  
pe rm ission  of  the  W orl d E n e rgy  C ou n c il , L on don , w w w .w orl de n e rgy .org 
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e l e ct rica l  e n e rgy  n e e de d to m ov e  a  m id- siz e  ca r 
ov e r 100 k m  (1). 
W hil e  a  B E V  w ith l on ge r driv in g ra n ge  n e e ds a  

proportion a l l y  highe r m a ss of  b a tte ry  to store  m ore  
e n e rgy , a  H 2- ta n k /P E M F C  sy ste m  on l y  n e e ds a  l a rge r 
ta n k  to store  m ore  e n e rgy , w ith l ow  a ssoci a te d 
in c re m e n ta l  m a ss. T his sim pl e  f a ct  f a v ou rs 
H 2- P E M F C  sy ste m s f or tra n sport a ppl ic a tion s 
re q u irin g l on g driv in g ra n ge  (F i g u r e  2). H ow e v e r, 
w he n  a  short driv in g ra n ge  is a cce pta b l e , B E V s a re  

more energy efficient than fuel cells (2). Pure BEVs 
a n d f u e l  ce l l  e l e ct ric v e hicl e s (F C E V ) m a y  the re f ore  
ta rge t dif f e re n t se gm e n ts of  the  a u tom otiv e  m a rk e t 
(1). O the r im porta n t a ppl ica tion s of  P E M F C s a re  a s 
b a ck u p pow e r sy ste m s, a n d f or co m b in e d he a t a n d 
pow e r (C H P ) (6). F or b a ck u p pow e r, the  ch e m ica l  
e n e rgy  co n ta in e d in  H 2 ca n  b e  store d f or y e a rs 
w ithou t ‘ disch a rge ’ . F or C H P , the  ce l l  v ol ta ge  of  the  
P E M F C  ca n  b e  a dv a n ta ge ou sl y  co n trol l e d du rin g 
ope ra tion  to tu n e  the  e l e ct ric a n d the rm a l  pow e r 
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F ig. 2. (a ) C a l c u l a te d e n e rgy  stora ge  sy ste m  v ol u m e  f or a n  e l e c tric  v e hic l e  (E V ) e q u ippe d e ithe r w ith a  
c om pre sse d- H 2 stora ge /P E M F C  sy ste m  or w ith v a riou s b a tte ry  te c hn ol ogie s a s a  f u n c tion  of  the  v e hic l e  
ra n ge ;  (b ) sa m e  c om pa rison  b u t f or the  e stim a te d m a ss of  the  e n e rgy  stora ge  a n d c on v e rsion  sy ste m . T he  
pow e r tra in s a re  a dj u ste d to prov ide  a  z e ro to 97  k m  h– 1 a c c e l e ra tion  tim e  of  10 s. R e produ c e d f rom  (2) w ith 
pe rm ission  f rom  E l se v ie r 
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ou tpu ts. A b ou t 14 0,000 P E M F C  u n its f or C H P  ha v e  
b e e n  in sta l l e d in  J a pa n  b e tw e e n  2009 a n d 2015 
a n d this a ppl ica tion  is a l so ta k in g of f  in  S ou th 
K ore a  a n d E u rope  (6). 
T he  re m a in in g te ch n ica l  ch a l l e n ge s f or P E M F C s 

a re  l ow e re d c ost a n d im prov e d du ra b il ity , w ith 
the  e l e c trode  ca ta l y sts a n d m e m b ra n e  ion om e r 
m a te ria l s b e in g a t the  he a rt of  the  v ita l  f u n ct ion s 
a n d l if e tim e  of  a  P E M F C . W hil e  a t l ow  produ ct ion  
v ol u m e s, the  gl ob a l  de m a n d of  P t f or P E M F C s is n ot 
high a n d the  sha re  of  the  P t co st in  the  P E M F C  sta ck  
co st is n ot e x ce ssiv e , b oth those  sca l a rs w ou l d 
in cr e a se  dra m a tica l l y  in  the  ca se  of  a  m a ssiv e  
de pl oy m e n t of  P E M F C s. T he  sha re  of  P t ca ta l y st to 
f u e l  ce l l  sta ck  c ost w ou l d in cr e a se  du e  to de cr e a se d 
co st f or a l l  othe r co m pon e n ts throu gh e co n om ie s of  
sca l e  (F i g u r e  3 ) (7 ). A ssu m in g a  co n sta n t P t price  
ov e r tim e  a n d u n ch a n ge d P t m a ss pe r ra te d pow e r 
of  P E M F C  (k W e l e c tric ), the  sta ck  co st w ou l d re a ch  
a  l ow e r- v a l u e  pl a te a u , n e a rl y  in co m pre ssib l e  u pon  
f u rthe r in cr e a se d produ ct ion  v ol u m e s. I n  pa ra l l e l , 
the  ra tio of  P t- to- sta ck  co st w ou l d in cr e a se  to 
ca. 50%  (F i g u r e  3 ). I t m u st b e  n ote d tha t this 
pe rce n ta ge  is a  co n se rv a tiv e  e stim a tion , re a ch e d 
a ssu m in g a  co n sta n t P t price . I t is l ik e l y , how e v e r, 
tha t the  sca rc ity  of  P t co m b in e d w ith in cr e a se d 
de m a n d w ou l d l e a d to in cr e a se d price . T his co u l d 
possib l y  l e a d to a n  in cr e a se d sta ck  co st (in ste a d of  a  
l e v e l l e d- of f  co st a b ov e  ca. 100,000 u n its pe r y e a r), 

a b ov e  a  ce rta in  thre shol d of  v ol u m e  produ ct ion . 
T his m a y  im pe de  re a ch in g (or sta y in g a t, in  the  
ca se  of  m il l ion s of  u n its produ ce d pe r y e a r) the  
co st ta rge t of  U S $ 20 k W e l e c tric  

– 1 f or a n  a u tom otiv e  
P E M F C  sta ck  (8). R e a ch in g b u t a l so sta y in g a t this 
co st is n e ce ssa ry  f or P E M F C s to b e  co st co m pe titiv e  
w ith I C E  a n d a f f orda b l e  to the  w ide  pu b l ic.  
T he  pa rticu l a r im porta n ce  of  the  ca thode  ca ta l y st 

(ox y ge n  re du ct ion  re a ct ion  (O R R ) ca ta l y sis) is 
in trodu ce d in  S e ct ion  2, w hil e  the  a n ode  ca ta l y st 
(hy droge n  ox ida tion  re a ct ion  (H O R ) ca ta l y sis) 
opportu n itie s a re  discu sse d in  S e ct ion  3. T his re v ie w  
giv e s a  f ocu se d a cco u n t of  re ce n t a ch ie v e m e n ts 
a n d discu sse s the  n e e ds a n d possib il itie s tow a rd 
the  ra tion a l  de sign  of  im prov e d n on - pgm  ca thode  
l a y e rs a n d opportu n itie s in  n on - pgm  a n ode  
ca ta l y sts. C om pre he n siv e  re v ie w s a n d b ook  
ch a pte rs on  py rol y se d m e ta l - n itroge n - c a rb on  
(M e - N - C , w he re  ‘ M e ’  is a  tra n sition  m e ta l ) ca thode  
ca ta l y sts a n d in orga n ic n on - pgm  a n ode  ca ta l y sts 
f or P E M F C s ca n  b e  f ou n d e l se w he re  (9– 12). 

2.  N o n - p g m  C a t h o d e  C a t a l y s t s  

2. 1  T h e  N e e d  f o r  N o n - p g m  C a t h o d e  
C a t a l y s t s  

D u e  to the  m u c h sl ow e r k in e tic s of  the  O R R  tha n  
those  of  the  H O R  on  P t su rf a c e s, 80– 90%  of  P t in  

PE
M

FC
 s

ta
ck

 c
os

t,
 U

S
$ 

kW
el

ec
tr

ic
–1

 

160 

14 0 

120 

100 

80 

60 

4 0 

20 

0 
1000 10,000 100,000 

A n n u a l  v ol u m e  produ ct ion , u n its pe r y e a r 

S ta c k  c ost 
S ha re  of  c a ta l y st in k  to tota l  c ost 

4 0 

30 

20 

10 

0 
1,000,000 

S
hare of catalyst to PEM

FC
 stack cost, %

 

F ig. 3. P re dic te d a u tom otiv e  P E M F C  sta c k  c ost a s a  f u n c tion  of  a n n u a l  v ol u m e  produ c tion . T he  pre dic te d 
c ost is b a se d on  the  2016 a u tom otiv e  te c hn ol ogy , in c l u din g in  pa rtic u l a r 0.21 gP t k W e l  (0.116 m gP t c m – 2 

a t c a thode , 0.018 m gP t c m – 2 a t a n ode ). G ra ph dra w n  f rom  da ta  in  (7 ), da ta  u se d w ith pe rm ission  f rom  
S tra te gic  A n a l y sis I n c , U S A  
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H 2- f u e l l e d P E M F C s is c u rre n tl y  position e d a t the  
c a thode  (13). I n  this c on te x t, the  de v e l opm e n t of  P t-
b a se d c a ta l y sts w ith highe r O R R  a c tiv ity  n orm a l ise d 
pe r m a ss P t is u n de r in te n se  in v e stiga tion  (14 – 16), 
w ith the  pra c tic a l  ob j e c tiv e  of  re du c in g the  P t c on te n t 
in  a u tom otiv e  P E M F C  sta c k s dow n  to the  c u rre n t 
pgm  c on te n t in  c a ta l y tic  c on v e rte rs of  I C E - pow e re d 
a u tom ob il e s (1– 4  g de pe n din g on  v e hic l e  siz e , e n gin e  
ty pe s a n d l oc a l  re gu l a tion s on  a ir q u a l ity ). T he  v e ry  
high O R R  a c tiv ity  of  som e  P t n a n ostru c tu re s (su c h 
a s P t n a n of ra m e s or j a gge d n a n ow ire s) re c e n tl y  
ob se rv e d in  rota tin g- disk - e l e c trode  m e a su re m e n ts 
re m a in  to b e  tra n spose d to the  P E M F C  e n v iron m e n t, 
a n d the ir l on g- te rm  du ra b il ity  prov e n . I n  a ddition , a  
v e ry  high tu rn ov e r f re q u e n c y  f or the  O R R  on  a  sm a l l  
n u m b e r of  a c tiv e  site s in  the  c a thode , w hil e  b e in g a  
dre a m  f or e l e c troc a ta l y sis sc ie n tists, m a y  tu rn  ou t 
to b e  a n  issu e  f or m e m b ra n e  e l e c trode  a sse m b l y  
(M E A ) de v e l ope rs du e  to e n ha n c e d l oc a l  O 2 dif f u sion  
b a rrie rs in  a  P E M F C  c a thode  w ith l ow  v ol u m e tric  
de n sity  of  a c tiv e  site s (17 , 18). T he  re pl a c e m e n t of  
P t- b a se d c a ta l y sts w ith pgm - f re e  c a thode  c a ta l y sts 
is c on side re d a  hol y  gra il . I de a l l y , highl y  a c tiv e  a n d 
du ra b l e  pgm - f re e  c a thode  c a ta l y sts c ou l d re pl a c e  
P t- b a se d c a thode s in  P E M F C s de sign e d f or a l l  
ty pe s of  m a rk e ts. A l te rn a tiv e l y , pgm - f re e  c a thode s 
n ot m e e tin g the  strin ge n t du ra b il ity  a n d pow e r 
pe rf orm a n c e  ta rge ts of  the  a u tom otiv e  in du stry  m a y  
b e  c om pe titiv e  f or othe r a ppl ic a tion s (f or e x a m pl e , 
b a c k u p pow e r, m ob il e  a ppl ic a tion s or C H P ) (16). 
T he  pgm - f re e  m a te ria l s tha t ha v e  hithe rto 

displ a y e d the  highe st O R R  a ct iv ity  w he n  te ste d 
in  a q u e ou s a c id m e diu m  or in  sin gl e - ce l l  P E M F C  
a re  py rol y se d  M e - N - C  ca ta l y sts, w ith the  m e ta l  
b e in g iron  or co b a l t (19, 20). M e - N - C  ca ta l y sts 
ha v e  b e e n  pre pa re d f rom  n u m e rou s pre cu rsors of  
m e ta l , n itroge n  a n d ca rb on  vi a the  optim isa tion  of  
the  pre cu rsor ra tio, m e ta l  co n te n t a n d py rol y sis 
co n dition s tha t m u st b e  a da pte d to e a ch  sy ste m  
of  pre cu rsors (10). T he  n a tu re  of  the  m e ta l -
b a se d a ct iv e  site s in  su ch  M e - N - C  ca ta l y sts is 
f u n da m e n ta l l y  dif f e re n t f rom  tha t in  P t- b a se d 
ca ta l y sts (co m pa re  F i g u r e s  4 ( b ) , 4 ( c )  a n d 4 ( d )  
to F i g u r e  4 ( a ) ). T he  m ost a ct iv e  site s f or O R R  
in  py rol y se d M e - N - C  ca ta l y sts a re , f rom  the  m ost 
re c e n tl y  e sta b l ishe d k n ow l e dge , sin gl e  m e ta l - ion s 
stron gl y  co ordin a te d w ith n itroge n  l iga n ds (M e N x  

m oie tie s, x  b e in g on  a v e ra ge  4 ), a n d the se  M e N x  

m oie tie s a re  co v a l e n tl y  in te gra te d in  gra phe n e , 
or disorde re d gra phe n e , she e ts (F i g u r e  4 ) (21, 
22, 23– 25). T he  l oca l  co ordin a tion  of  su ch  M e N x  

m oie tie s re se m b l e s the  m e ta l - ion  co ordin a tion  in  
phtha l ocy a n in e  a n d porphy rin  co m pou n ds (23), 
b u t the ir co v a l e n t in te gra tion  in  the  e l e ct ron -

co n du ct iv e  ca rb on  m a trix  distin gu ishe s the m  f rom  
these well-defined organic compounds, and is 
cr itica l  to re a ch  high cu rre n t de n sitie s in  P E M F C . 

2. 2 C o n c e p t s  f o r  t h e  D e s i g n  o f  M e - N - C  
C a t a l y s t s  a n d  C a t a l y s t  L a y e r s  

R e se a rch  a n d de v e l opm e n t (R & D ) e f f orts a n d 
in te re st in  n on - pgm  ca ta l y sts f or the  O R R  in  a ci d 
m e diu m  ha v e  n e v e r b e e n  so in te n se , a s w itn e sse d 
b y  a  risin g n u m b e r of  re se a rch  grou ps w ork in g on  
the  topic b u t a l so a n  in cr e a sin g n u m b e r of  R & D  
f u n din g ca l l s de dica te d to this cl a ss of  ca ta l y sts, 
f or e x a m pl e  in  E u rope  f rom  the  F u e l  C e l l s a n d 
H y droge n  2 J oin t U n de rta k in g (F C H  2 J U ) (26), 
a n d in  the  U S A  f rom  the  U S  D e pa rtm e n t of  E n e rgy  
(D O E ) (27 ). I n  the  U S A , R & D  e f f orts in  n on -
pgm  ca ta l y sts f or P E M F C  a re  n ow  orga n ise d b y  
the  E l e ct roca ta l y sis C on sortiu m  (E l e ct roC a t). A  
b roa de r in ce n tiv e  to re du ce  the  re l ia n ce  on  C ritica l  
R a w  M a te ria l s a n d in cr e a se  the ir re cy cl in g w a s a l so 
in itia te d b y  the  E u rope a n  U n ion  (E U ) f or v a riou s 
n e w  e n e rgy  te ch n ol ogie s (28). T w o co m pa n ie s a re  
cu rre n tl y  e n ga ge d in  the  de v e l opm e n t of  M e - N - C  
a n d othe r n on - pgm  ca ta l y sts f or P E M F C s (P a j a rito 
P ow de r, U S A  a n d N isshin b o H ol din gs, J a pa n ). I n  
S e pte m b e r 2017 , B a l l a rd, C a n a da , a n d N isshin b o 
Holdings announced the first portable PEMFC (30 W) 
co m m e rci a l ise d w ith a  n on - pgm  ca thode  ca ta l y st 
(29). T his in te re st in  M e - N - C  ca ta l y sts a n d cl ose r 
shif t tow a rds a ppl ica tion  is the  re su l t of  im porta n t 
progress in the field since 2009, with breakthroughs 
a ch ie v e d in  the  O R R  a ct iv ity  re a ch e d a t high ce l l  
v ol ta ge  in  sin gl e - ce l l  P E M F C  (30), pow e r de n sity  a t 
ce l l  v ol ta ge  e x pe rie n ce d du rin g pra ct ica l  ope ra tion  
(0.5– 0.7  V  ra n ge ) (22, 31), a n d u n de rsta n din g 
of  the  n a tu re  of  the  a ct iv e  site s (21, 22, 23, 25) 
a n d how  the y  ca ta l y se  the  O R R  a t a tom istic l e v e l  
(24 , 32, 33). T a b l e  I  giv e s e x a m pl e s of  sy n the sis 
stra te gie s a n d co rre spon din g O R R  cu rre n t de n sity  
m e a su re d in  P E M F C  a t 0.9 V  (O R R  ‘ a ct iv ity ’ ) f or 
som e  of  the  m ost a ct iv e  F e - N - C  ca ta l y sts to da te . 
T he  ca thode  ca ta l y st l oa din g u se d in  e a ch  w ork  is 
a l so in dica te d in  the  se co n d co l u m n  (m gF e - N - C  c m – 2). 
W ithin  a  ce rta in  ra n ge  (ty pica l l y  0.5 m gF e - N - C  cm – 2 

to 5 m gF e - N - C  cm – 2), the  cu rre n t de n sity  a t 0.9 V  
in cr e a se s proportion a l l y  w ith ca thode  ca ta l y st 
l oa din g. B a se d on  this, the  cu rre n t de n sity  a t 
0.9 V  e x pe ct e d f or a  l oa din g of  5 m gF e - N - C  cm – 2 is 
in dica te d in  the  third co l u m n  in  T a b l e  I . I t m u st b e  
n ote d tha t proportion a l l y  in cr e a se d cu rre n t de n sity  
w ith in cr e a se d ca thode  l oa din g is re strict e d to l ow  
cu rre n t. A t high cu rre n t de n sity  (> 200 m A  cm – 2), 
the  ce l l  pe rf orm a n ce  is a l so im pa ct e d b y  m a ss-  a n d 
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( a )  ( b )  

( c )  ( d )  

5  n m  
1  n m  

1  n m  
1  n m  

(111) 

F ig. 4 . T he  c ry sta l l ogra phic  orde rin g of  P t a tom s in  P t- b a se d c a ta l y sts a n d the  a tom ic a l l y - dispe rse d n a tu re  
of  F e  a n d C o a tom s in  py rol y se d F e (C o)- N - C  c a ta l y sts, a s re v e a l e d b y  high- re sol u tion  sc a n n in g tra n sm ission  
e l e c tron  m ic rosc opy  (H R - S T E M ) im a ge s: (a ) P t3N i n a n of ra m e , f rom  (14 ). R e prin te d w ith pe rm ission  f rom  
A A A S ;  (b ) C o- N - C  c a ta l y st ob ta in e d vi a py rol y sis in  a m m on ia  of  a  c ob a l t sa l t a n d gra phe n e , show in g 
a tom ic a l l y  dispe rse d c ob a l t in  the  N - dope d c a rb on  m a trix , re produ c e d f rom  (21);  (c ) F e - N - C  c a ta l y st 
pre pa re d f rom  a  f e rrou s sa l t, a n il in e  a n d c y a n a m ide  a n d py rol y se d in  N 2, f rom  (22). R e prin te d w ith 
pe rm ission  f rom  A A A S ;  (d) F e - N - C  c a ta l y st pre pa re d f rom  a  f e rrou s sa l t, phe n a n throl in e  a n d Z I F - 8, a n d 
py rol y se d in  a rgon  (C N R S  c a ta l y st, tra n sm ission  e l e c tron  m ic rosc opy  (T E M ) im a ge  prov ide d b y  G ora n  D ra z ic , 
N a tion a l  I n stitu te  of  C he m istry , S l ov e n ia ) 

T a b l e  I  S t a t e - o f - t h e - A r t  O x y g e n  R e d u c t i o n  R e a c t i o n  A c t i v i t y  o f  I r o n - N i t r o g e n - C a r b o n  C a t h o d e  
C a t a l y s t s  i n  S i n g l e  C e l l  P E M F C  M e a s u r e d  u n d e r  P u r e  O x y g e n  a n d  H y d r o g e n a  

C u r r e n t  
d e n s i t y  a t  0 . 9  
V ,  m A  c m – 2 

L o a d i n g ,  
m g F e - N - C  
c m – 2 

E x p e c t e d  
c u r r e n t  d e n s i t y  
a t  0 . 9  V  a t  5  
m g F e - N - C  c m – 2 ,  
m A  c m – 2 

B a c k  
p r e s s u r e ,  
b a r  

C a t h o d e  c a t a l y s t  
d e s c r i p t i o n  

R e f .  

5  4  6 1 P ol y im ide  n a n opa rticl e s (N P s) (35) 
(60 n m ), m u l tipy rol y sis a n d 
leaching steps, final pyrolysis in 
N H 3 

7  1 35 1 F e (I I )sa l t +  phe n  +  Z I F - 8, (36) 
py rol y sis in  a rgon  a t 1050° C  
the n  in  N H 3 a t 950° C  

3  1.5 10 1 F e - porphy rin  +  C o- porphy rin  +  (37 ) 
sil ica  te m pl a te , py rol y se d in  N 2 
a t 1000° C , H F  l e a ch in g 

C on tin u e d 
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C u r r e n t  L o a d i n g ,  E x p e c t e d  B a c k   C a t h o d e  c a t a l y s t  R e f .  
d e n s i t y  a t  0 . 9  m g F e - N - C  c u r r e n t  d e n s i t y  p r e s s u r e ,  d e s c r i p t i o n

– 2V ,  m A  c m – 2 c m a t  0 . 9  V  a t  5  b a r  
– 2m g F e - N - C  c m ,  

m A  c m – 2 

1 0  2 25 1 Z I F - 8 +  F e  e l e ct rospu n  w ith (34 ) 
pol y a cr y l on itril e  (P A N ) a n d 
pol y (m e thy l  m e tha cr y l a te  
(P M M A ), py rol y se d a t 1000° C  
in  A r the n  900° C  in  N H 3, a ci d 
l e a ch e d 

4  4  5 0.5 F e (I I ) sa l t +  n ica rb a z in  +  sil ica  (38) 
te m pl a te , py rol y sis in  N 2, H F  
l e a ch , py rol y sis in  N H 3 

5  1 25 1 Z I F  [ Z n (e I m )2 rho]  +  F e (I I ) +  (39) 
phe n , sin gl e  py rol y sis in  N H 3 a t 
950° C  

a P E M F C  co n dition s: 80° C , 100%  R H  f e e d ga se s, P t/C  a n ode  

ch a rge - tra n sport a cr oss the  ca thode  a ct iv e  l a y e r 
(F i g u r e  5 ). O x y ge n  tra n sport l im ita tion  in  a  thick  
ca thode  is pa rtic u l a rl y  e x a ce rb a te d w he n  it is f e d 
w ith a ir (31, 34 ), w hich  is the  ca se  f or a l m ost a l l  
P E M F C  a ppl ica tion s. 

W hil e  the  ta rge t in  the  e a rl y  sta ge  of  n on - pgm  
ca ta l y st de v e l opm e n t e x cl u siv e l y  f ocu se d on  the  
a ct iv ity  a t high pote n tia l  (v ol u m e tric a ct iv ity  or 
cu rre n t de n sity  a t 0.8 V  or 0.9 V ), the  a ct iv ity  ta rge t 
is n ow  a cco m pa n ie d b y  a  pow e r pe rf orm a n ce  ta rge t 

(a ) (b ) I n cr e a se d (c)  
v ol u m e tric 

H +  a ct iv ity  

O 2, e  –  

10 mm  100 mm  

(e ) (d) 

A  B  C  

En
er

gy I m prov e d 
tra n sport 
prope rtie s

D  E  

L og(J ) 

F ig. 5. I n te rpl a y  b e tw e e n  F e - N - C  c a thode  v ol u m e tric  a c tiv ity , thic k n e ss a n d tra n sport prope rtie s in  
de te rm in in g the  c a thode  pe rf orm a n c e  a t l ow  a n d high c u rre n t de n sitie s: (a ) thin  F e - N - C  c a thode  
(re pre se n ta tiv e  f or 0.4  m gF e - N - C  c m – 2) w ith re f e re n c e  v ol u m e tric  a c tiv ity ;  (b ) thic k  F e - N - C  c a thode  
(re pre se n ta tiv e  f or 4 .0 m gF e - N - C  c m – 2) w ith re f e re n c e  v ol u m e tric  a c tiv ity ;  (c ) thic k  F e - N - C  c a thode  w ith 
e n ha n c e d v ol u m e tric  a c tiv ity ;  (d) thic k  F e - N - C  c a thode  w ith re f e re n c e  v ol u m e tric  a c tiv ity  b u t e n ha n c e d 
m a ss- tra n sport prope rtie s;  (e ) n e x t ge n e ra tion  F e - N - C  c a thode  w ith im prov e d v ol u m e tric  a c tiv ity  a n d m a ss 
tra n sport. T he  gra ph show s sc he m e d T a f e l  pl ot pre se n ta tion s (pote n tia l  vs. l oga rithm  of  the  c u rre n t de n sity ) 
of  the  c a thode  pol a risa tion  c u rv e s. T he  l in e a r pa rt c orre spon ds to the  c u rre n t de n sity  re gion  w he re  the  
c a thode  is on l y  c on trol l e d b y  O R R  e l e c trok in e tic s (n o l im ita tion  b y  tra n sport of  O 2, proton s a n d e l e c tron s) 
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3 

(P E M F C  ope ra tin g poin t of  ty pica l l y  0.6– 0.7  V ) 
(se e  T a b l e  I I ). T he  v ol u m e tric - a ct iv ity  co n ce pt 
was specifically defined for non-pgm catalysts by 
the  G e n e ra l  M otors F u e l  C e l l  grou p, U S A , in  2003 
(40). The volumetric activity is defined as the areal 
cu rre n t de n sity  of  a  n on - pgm  ca thode  n orm a l ise d 
b y  the  ca thode  thick n e ss (A  cm – 3 , re porte d a t 
0.8 V  or 0.9 V ). A s is v a l id f or the  F e - N - C  l oa din g 
e f f e ct  w ithin  ce rta in  co n dition s, the  proportion a l ity  
b e tw e e n  cu rre n t de n sity  of  the  c a thode  (w he n  it is 
co n trol l e d b y  e l e ct rok in e tics)  a n d ca thode  thick n e ss 
ca n  b e  a ssu m e d to b e  v a l id w ithin  a  ce rta in  ra n ge  
of  thick n e ss, E q u a tion  (i): 

J  (a t 0.8 or 0.9 V ) =  j V  t  (i) 

w ith J  the  cu rre n t de n sity  (A  c m – 2), j v  the  v ol u m e tric 
a ct iv ity  (in  A  cm – 3 a t 0.8 V  or 0.9 V ) a n d t the  
ca thode  thick n e ss (cm ). A s on e  ca n  se e , a  possib l e  
a pproa ch  to in c re a se  the  cu rre n t de n sity  a t high 
pote n tia l  m a y  co n sist of  in cr e a sin g the  thick n e ss of  
the  ca thode  l a y e r (F i g u r e s  5 ( a )  a n d 5 ( b ) ). F rom  
a  co st pe rspe ct iv e , this is f e a sib l e , b u t it f a ce s 
pra ct ica l  l im ita tion s du e  to in cr e a sin g a v e ra ge  pa th 
l e n gths f or O 2, proton s a n d e l e ct ron s in  orde r to 
re a ch  the  a ct iv e  site s. T he  opposite  dire ct ion s of  the  
O 2 and protons flow can lead to particularly severe 
m a ss- tra n sport l im ita tion s if  the y  co - a ct  to f orm  
gra die n ts of  O 2 c on ce n tra tion  a n d e l e ct roch e m ic a l  
pote n tia l , re spe c tiv e l y  (sch e m e d a s f a din g a rrow s 
in  F i g u r e  5 ). W ith cu rre n t M E A  te ch n ol ogy , 100 µ m  
is co n side re d the  u ppe r re a l istic thick n e ss l im it f or 
a  F e - N - C  l a y e r. T his is a l re a dy  10 tim e s thick e r 
tha n  u su a l  P t- b a se d ca thode  l a y e rs (w ith a  50%  
P t/C  c a ta l y st a n d a  c a thode  l oa din g of  0.4  m gP t c m – 2 , 

the  e l e ct rode  thick n e ss is ca. 10 µ m ). T he  l a y e r 
thick n e ss f or P t/C  a n d F e - N - C  ca ta l y sts a l ik e  is 
gov e rn e d b y  the  ca rb on  l oa din g, w ith a ppa re n t 
de n sity  of  0.37 – 0.4 0 gc a rb on  f rom  c a ta l y st pe r cm
of  e l e ct rode  u su a l l y  ob se rv e d (30, 31, 4 0)). W e  
ca n  e x tra ct  f rom  this a  ru l e - of - thu m b  of  25 µ m  
e l e ct rode - thick n e ss in cr e m e n t pe r 1 m g cm – 2 of  
ca rb on  m a te ria l  f rom  the  ca ta l y st. F u tu re  e f f orts 
shou l d thu s f ocu s on  im prov in g b oth the  v ol u m e tric 
a ct iv ity  of  M e - N - C  ca ta l y sts a n d the  m a ss- tra n sport 
prope rtie s of  M e - N - C  l a y e rs (F i g u r e s  5 ( c )  
a n d 5 ( d ) , re spe ct iv e l y ), to u l tim a te l y  co m b in e  
a dv a n ce s in  a ct iv ity  a n d tra n sport prope rtie s to 
co m pe te  w ith P t- b a se d ca thode  l a y e rs on  the  w hol e  
ra n ge  of  cu rre n t de n sity  (F i g u r e  5 ( e ) , cu rv e  E ). 
F or P t- b a se d ca ta l y sts in  co n tra st, the re  is n o 

in ce n tiv e  to in cr e a se  pe rf orm a n ce  b y  in cr e a sin g the  
P t l oa din g a t the  ca thode , b e ca u se  P t is e x pe n siv e . 
T he  tre n d is opposite , w ith a tte m pts to re a ch  
b re a k - e v e n  pe rf orm a n ce  (sa m e  cu rre n t de n sity  a t 
a  giv e n  ce l l  v ol ta ge ) b u t w ith l ow e r P t l oa din g tha n  
toda y . T he  k e y  pa ra m e te r f or pgm - b a se d ca ta l y sts 
is the  m a ss a ct iv ity , iM . E q u a tion  (ii): 

J  (a t 0.9 V ) =  iM  L  (ii) 

w ith J  the  cu rre n t de n sity  (A  cm – 2), iM  the  m a ss 
a ct iv ity  (in  m A  m gP t 

– 1 a t 0.9 V ) a n d L  the  P t l oa din g 
a t the  ca thode  (m gP t cm – 2). R e portin g the  a ct iv ity  
of  pgm - b a se d ca ta l y sts a s a  m a ss a ct iv ity  (A  
gpgm  

– 1) a n d of  n on - pgm  ca ta l y sts a s a  v ol u m e tric 
a ct iv ity  (A  cm – 3 ca thode ) a rise s the re f ore  f rom  the  
dif f e re n t n a tu re  of  the  m a in  l im ita tion s (co st f or 
pgm - b a se d ca thode s a n d pe rf orm a n ce  f or n on -
pgm  ca thode s) (16). T he  ta rge ts se t f or n on - pgm  

T a b l e  I I  N o n - p g m  C a t h o d e  C u r r e n t  D e n s i t y  T a r g e t s  a t  0 . 9  V  ( ‘ A c t i v i t y ’ )  a n d  0 . 7  V  
( ‘ P o w e r  P e r f o r m a n c e ’ )  i n  S i n g l e - C e l l  P E M F C  ( 8 ) a  

C a t h o d e  f e e d  F C H  2 J U  t a r g e t s  U S  D O E  t a r g e t s  

C u r r e n t  d e n s i t y  C u r r e n t  d e n s i t yE x p e r i m e n t a l  E x p e r i m e n t a la t  0 . 9  V  c e l l  a t  0 . 9  V  c e l lc o n d i t i o n s  c o n d i t i o n sv o l t a g e  v o l t a g e  
O 2 H 2/O 2, 0.5 b a rH 2/O 2, 1 b a r ga u ge /1 ga u ge /0.5 b a rb a r ga u ge , 80° C , 100%  7 5 m A  cm – 2 4 4  m A  cm – 2 (8)ga u ge , 80° C , 100%R H  R H  

C u r r e n t  d e n s i t y  E x p e r i m e n t a l  a t  0 . 7  V  c e l l  –  –  c o n d i t i o n s  v o l t a g e
A i r  

H 2/a ir, 2.5 b a r 
ga u ge /2.3 b a r ga u ge , 600 m A  cm – 2 –  –  
80° C , 50%  R H /30%  R H  

a U S  D O E  ta rge t is e q u iv a l e n t to a  P t- c a thode  w ith m a ss a ct iv ity  of  4 4  A  g– 1 
P t a t 0.9 V  a n d a  l oa din g of  0.1 m gP t cm – 2 
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F e - N - C  (B l a c k  P e a rl s) 

F e - N - C  (Z I F - 8) 

P t/C  

0.8 

0.2 

ca ta l y sts f or a u tom otiv e  a ppl ica tion  in  the  re ce n t 
F C H  2 J U  ca l l  of  2017  (26) a n d tha t of  the  U S  
DOE Office of Energy Efficiency & Renewable 
E n e rgy  (E E R E ) (27 ) a re  re porte d in  T a b l e  I I . B y  
co m pa rin g T a b l e  I  a n d T a b l e  I I , on e  ca n  se e  tha t 
toda y ’ s m ost a ct iv e  F e - N - C  ca ta l y sts co u l d re a ch , 
a t a  ca thode  l oa din g of  5 m gF e - N - C  cm – 2 , ca. on e -
third to ha l f  of  the  cu rre n t de n sity  ta rge ts a t 0.9 V  
se t f or the  n e x t ge n e ra tion  of  pgm - f re e  ca ta l y sts. 
W hil e  prom isin g, su ch  ca thode  l a y e rs shou l d 

a l so show  m a ss- tra n sport prope rtie s a ppropria te  
to ope ra tion  a t high cu rre n t de n sity . F i g u r e  6 
show s re pre se n ta tiv e  e x a m pl e s of  the  b e st 
pow e r pe rf orm a n ce  sin gl e - ce l l  P E M F C  ob ta in e d 
w ith F e - N - C  ca thode s a n d P t- b a se d a n ode s, 

with the cathode fed with fully humidified O2 

(F i g u r e s  6( a ) – 6( c ) ) or fully humidified air 
(F i g u r e  6( d ) ). A t 0.6 V , the  cu rre n t de n sity  
re a ch e s 1.0– 1.2 A  cm – 2 in  pu re  O 2 a n d the  pe a k  
pow e r de n sity  is n e a rl y  1 W  cm – 2 a t a rou n d 
0.4 – 0.5 V  (F i g u r e s  5 ( a ) , 5 ( b )  a n d 5 ( c ) ) (22, 31, 
34 ). T he  u se  of  a  z in c - b a se d z e ol itic im ida z ol a te  
metal-organic-framework (ZIF-8) as sacrificial 
pre cu rsor of  ca rb on  a n d n itroge n  re su l te d in  2011 
in  a  m ore  ope n  stru ct u re  a n d highe r a cce ssib il ity  
to O 2 of  the  F e N x  site s f orm e d du rin g py rol y sis 
(F i g u r e  5 ( a ) ) (31). S in ce  the n , Z I F - 8 ha s b e e n  
e x te n siv e l y  stu die d f or the  pre pa ra tion  of  highl y  
m icr oporou s F e - N - C  a n d a l so N - C  m a te ria l s (4 1). 
O the r m e ta l  orga n ic f ra m e w ork s (M O F s) ha v e  
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F ig. 6. E x a m pl e s of  sta te - of - the - a rt pow e r pe rf orm a n c e  ob ta in e d w ith F e - N - C  c a thode s in  sin gl e - c e l l  
P E M F C : (a ) H 2/O 2 pol a risa tion  c u rv e  w ith a  c a thode  pre pa re d f rom  f e rrou s a c e ta te , phe n a n throl in e  a n d 
Z I F - 8, py rol y sis in  A r the n  in  N H 3 (b l u e  c u rv e ), 3.9 m gF e - N - C  c m – 2 c a thode , P t- b a se d a n ode , 80° C , 2 b a r 
ga s pre ssu re  on  e a c h side  (0.5 b a r is w a te r v a pou r), the  gre e n  c u rv e  is f or a  0.4  m gP t c m – 2 c a thode  (31);  
(b ) H 2/O 2 pol a risa tion  c u rv e  w ith a  c a thode  pre pa re d b y  c o- e l e c trospin n in g F e (phe n )3 c om pl e x , Z I F - 8 a n d 

– 2pol y a c ry l on itril e  (l a b e l l e d F e /N /C F ), py rol y sis in  A r the n  N H 3 (34 ), 3 m gF e - N - C  c m – 2 c a thode , 0.3 m gP t c m
a n ode , 2 b a r ga s pre ssu re  on  e a c h side , 80° C , 100%  re l a tiv e  hu m idity  (R H );  (c ) H 2/O 2 pol a risa tion  c u rv e  
with a cathode prepared from ferric salt, aniline and cyanamide, first pyrolysis in N2- a c id- l e a c hin g- se c on d 
py rol y sis in  N 2, 4  m gF e - N - C  c m – 2 c a thode , 2 m gP t c m – 2 a n ode , 80° C , dry  O 2 pa rtia l  pre ssu re  0.3 b a r, 1 b a r or 2 
b a r (22);  (d) H 2/a ir pol a risa tion  c u rv e , dry  a ir pa rtia l  pre ssu re  1 b a r, 100%  R H , othe rw ise  sa m e  c on dition s a s 
f or (c ). F rom  (22). R e prin te d w ith pe rm ission  f rom  A A A S  
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a l so b e e n  in v e stiga te d, b u t Z n - b a se d M O F s a re  
so f a r the  b e st ca n dida te s, a n d in  pa rticu l a r the  
su b ca te gory  of  Z I F s (39, 4 2, 4 3). T he  a dv a n ta ge  of  
su ch  Z I F s is the  l ow  b oil in g poin t of  z in c (907 ° C ). 
D u rin g the  py rol y sis a t T  >  950° C , m ost Z n  
(undesired in final Fe-N-C catalysts) is evacuated 
a s v ol a til e  produ ct s w hil e  F e  sta y s. A ci d l e a ch in g 
of excess Zn is thus avoidable. While high specific 
a re a  a n d high m icr oporou s a re a  in  pa rticu l a r (pore s 
with width ≤2 nm) are important for reaching high 
e l e ct roca ta l y tic a ct iv ity  w ith F e - N - C  ca ta l y sts (22, 
30, 4 4 ), the  co n n e ct ion  b e tw e e n  m icr opore - hoste d 
F e N x  m oie tie s a n d the  m a cr oporou s stru ct u re  of  the  
e l e ct rode  is a n  im porta n t k e y  f or prope r a cce ssib il ity  
b y  O 2. M e soporosity  ca n  b e  in trodu ce d du rin g the  
ca ta l y st sy n the sis pre pa ra tion  (f or e x a m pl e , w ith 
a  sil ica  te m pl a te  a pproa ch  or pore - f orm in g a ge n ts 
(38, 4 5, 4 6)), b u t m a cr oporosity  of te n  de pe n ds 
on  the  e l e ct rode  pre pa ra tion  m e thod a s a  w hol e , 
n ot on l y  on  in trin sic ca ta l y st m orphol ogy  (4 7 ). A n  
origin a l  a pproa ch  to co m b in e  the  m icr oporosity  of  
Z I F - 8 de riv e d F e - N - C  ca ta l y st w ith m a cr oporosity  
in  the  e l e ct rode  re sorte d to the  e l e ct rospin n in g of  
F e - dope d Z I F - 8 w ith a  ca rrie r pol y m e r (34 ). T he  
carrier polymer forms fibrous structures, imparting 
inter-fibre macroporosity in the final electrode 
stru ct u re . A n othe r b roa d a pproa ch  f or the  sy n the sis 
of  highl y  a ct iv e  F e - N - C  ca ta l y sts ha s in v ol v e d the  
use of sacrificial monomers or polymers as C and 
N  sou rce s (4 8, 4 9). F i g u r e  5 ( c )  show s the  H 2/O 2 

pol a risa tion  cu rv e  w ith F e - N - C  ca thode  pre pa re d 
f rom  the  py rol y sis of  a n  iron  sa l t a n d tw o dif f e re n t 
m on om e rs, a n il in e  a n d cy a n a m ide . T he  tw o 
dif f e re n t m on om e rs he l pe d in  f orm in g a  b im oda l  
porosity , w ith the  a ddition  of  cy a n a m ide  in cr e a sin g 
greatly the microporous surface area in the final 
F e - N - C  ca ta l y st (22). 
W hil e  the  b e gin n in g- of - l if e  H 2/O 2 pol a risa tion  

c u rv e s of  sin gl e - c e l l  P E M F C  c om prisin g F e - N - C  
c a thode s n ow  a pproa c h those  of  P t/C  c a thode s, 
the  pe rf orm a n c e  in  H 2/a ir c on dition s (n e e de d f or 
u se  in  te c hn ol ogic a l l y - re l e v a n t c on dition s) is f a c in g 
se v e re  m a ss- tra n sport issu e s. F i g u r e s  6( c )  a n d 
6( d )  show  the  e f f e c t, f or a  sa m e  F e - N - C  c a thode , of  
sw itc hin g f rom  pu re  O 2 to a ir. T he  pow e r de n sity  is 
re du c e d b y  a  f a c tor > 2, a n d the  pol a risa tion  c u rv e s 
on  a ir a re  c ha ra c te rise d b y  a  stron g b e n din g a b ov e  
ca. 0.4  A  c m – 2. T his b e n din g oc c u rs a t l ow e r c u rre n t 
de n sitie s tha n  w he n  u sin g P t/C  c a thode s, l ik e l y  du e  
to a  m u c h gre a te r thic k n e ss of  F e - N - C  c a thode s a t a  
l oa din g of  4  m gF e - N - C  c m – 2, re l a tiv e  to P t/C  c a thode s 
of  ty pic a l l y  0.4  m gP t c m – 2 (0.6 gc a rb on  c m – 2, a ssu m in g 
a  ty pic a l  4 0%  P t/C  c a ta l y st). S u c h F e - N - C  c a thode s 

are typically about 80–100 μm thick while Pt/C 
cathode thickness is ≤20 μm. 
A n othe r pra ct ica l  a dv a n ta ge  of  pgm - f re e  M e - N - C  

ca thode  ca ta l y sts is the ir stron g re sista n ce  to 
poison in g, w hil e  P t- b a se d ca ta l y sts su f f e r f rom  
se v e re  poison in g f rom  v a riou s spe ci e s, in c l u din g 
som e  ga se s tha t ca n  b e  pre se n t a t tra ce  a m ou n ts in  
f ossil - de riv e d H 2 (F i g u r e  7 ) (50) b u t a l so a n ion s, 
in cl u din g ch l oride  a n ion s tha t a re  co m m on l y  
encountered in field applications. 
I n  su m m a ry , f u rthe r im prov e m e n t of  the  pow e r 

pe rf orm a n ce  of  M e - N - C  ca thode  l a y e rs in  P E M F C s 
ca n  b e  re a ch e d b y  e ithe r in cr e a sin g the  ca ta l y st 
a ct iv ity  (the  ca thode  ca n  the n  b e  m a de  thin n e r, 
w hil e  pre se rv in g the  ‘ a ppa re n t’  ca thode  a ct iv ity ) or 
b y  in cr e a sin g the  re a ct a n t tra n sport prope rtie s of  
the  ca thode  l a y e r, in cl u din g l on g- dista n ce  tra n sport 
(throu gh the  porou s ca thode ) a n d short- dista n ce  
tra n sport (w hich  ca n  b e  m odu l a te d b y  ca ta l y st 
m orphol ogy  or a ggl om e ra te  siz e ). T he  m a j or 
e x pe rim e n ta l  e f f orts ha v e  hithe rto f ocu se d on  
in cr e a sin g the  O R R  a ct iv ity  of  M e - N - C  m a te ria l s. 
S u ch  e f f orts a re  stil l  cr itica l  to f u rthe r in cr e a se  the  
a ct iv ity , se l e ct iv ity  a n d du ra b il ity  of  su ch  ca ta l y sts, 
b u t w ork  on  ca thode  l a y e r de sign  a n d ca ta l y st 
m orphol ogy  is a l so cr itica l  to im prov e  n on - pgm  
ca thode  b e ha v iou r a t high cu rre n t de n sity  w he n  
f e d w ith a ir. 

2. 3  D e c o n v o l u t i n g  A c t i v i t y  o f  
M e - N - C  C a t a l y s t s  i n t o  S i t e  D e n s i t y  
a n d  T u r n o v e r  F r e q u e n c y  

I f  100– 125 µ m  re m a in s the  u ppe r l im it of  pra ct ica l  
M e - N - C  l a y e r thick n e ss in  the  f u tu re , the n  f u rthe r 
in cr e a sin g the  cu rre n t de n sity  a t 0.9 V  w il l  re q u ire  
in cr e a sin g the  v ol u m e tric a ct iv ity . T his ca n  m a in l y  
b e  a ch ie v e d vi a in cr e a sin g e ithe r the  n u m b e r of  
a ct iv e  site s pe r u n it v ol u m e  (site  de n sity , S D , i.e . 
the  n u m b e r of  site s tha t ca n  b e  e l e ct roch e m ica l l y  
addressed) or the specific activity for ORR (turnover 
f re q u e n cy , T O F ) of  sin gl e  site s, E q u a tion  (iii): 

j V  (a t 0.8 or 0.9 V ) =  S D  T O F (a t 0.8 or 0.9 V ) e  (iii) 

w he re  S D  ha s u n its of  site s cm – 3, T O F  ha s u n its 
of  e l e ct ron s site – 1 s– 1 a n d e  is the  e l e ct ric c ha rge  
of  on e  e l e ct ron  (C  e l e ct ron – 1). O n  on e  ha n d, 
in cr e a sin g the  w t%  P t on  a  su pport (ty pica l l y , 
ca rb on  pow de r) n e a rl y  proportion a l l y  in cr e a se s the  
a ppa re n t a ct iv ity  of  the  P t- su pporte d ca ta l y st. P t 
n a n opa rticl e s of  2– 3 n m  siz e  c a n  n ow  b e  grow n  
on  ca rb on  su pports u p to ca. 50 w t%  P t on  
ca rb on  (51) b e f ore  the  a v e ra ge  P t pa rticl e  siz e  
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F ig. 7 . (a ) H 2- O 2 pol a risa tion  c u rv e  f or a n  M E A  c om prisin g e ithe r a  F e - N - C  c a thode  (4  m g c m – 2 l oa din g) or a  
P t/C  c a thode  (0.4  m gP t c m – 2);  c e l l  v ol ta ge  b e f ore  a n d a f te r a ddition  of : (b ) 83 ppm  H 2S ;  (c ) 7 7  ppm  tol u e n e ;  
a n d (d) 163 ppm  b e n z e n e  in  the  c a thode  ga s stre a m . R e produ c e d w ith pe rm ission  f rom  (50). P u b l ishe d b y  
the  R oy a l  S oc ie ty  of  C he m istry  

significantly increases. This allows high Pt mass 
a n d P t su rf a ce  a re a  pe r v ol u m e  of  e l e ct rode  to b e  
re a ch e d. A s a  co n se q u e n ce , P t- b a se d ca thode s a re  
highl y  a ct iv e  b u t a t the  sa m e  tim e  re l a tiv e l y  thin  
(5–15 μm), which secures high accessibility by O2, 
proton s a n d e l e ct ron s. F or py rol y se d F e - N - C  or 
C o- N - C  ca ta l y sts, the  situ a tion  is dif f e re n t. W hil e  
the  m e ta l  a tom s a re  a tom ica l l y  dispe rse d a s M e - N x  

m oie tie s a t l ow  m e ta l  co n te n t (u p to ca. 3 w t%  
m e ta l  (F e  or C o) on  N - C , a s is the  ca se  f or the  
ca ta l y sts of  F i g u r e  4 ), a t highe r m e ta l  co n te n ts 
the  m e ta l  a tom s a ggre ga te  du rin g py rol y sis to f orm  
re du ce d m e ta l l ic pa rticl e s or m e ta l  ca rb ide s. S u ch  
cr y sta l l in e  stru ct u re s a re  of te n  pa rtia l l y  or tota l l y  
su rrou n de d b y  gra phitic she l l s du rin g py rol y sis, 
w hich  prote ct s the m  som e w ha t f rom  the  a ci dic 
e n v iron m e n t du rin g e l e ct roch e m istry . W hil e  su ch  
co re - she l l  M e ta l @N - C  stru ct u re s m a y  ha v e  som e  

O R R  a c tiv ity  in  a ci dic m e diu m , m a n y  ob se rv a tion s 
show  tha t the ir in trin sic a ct iv ity  is m u ch  l e ss tha n  
tha t of  the  a tom ica l l y  dispe rse d M e - N x  m oie tie s 
(52). A s a  co n se q u e n ce , M e - N - C  ca ta l y sts displ a y  
a  m u ch  l ow e r w e ight co n te n t (< 5 w t% ) of  a ct iv e  
m e ta l  re l a tiv e  to P t/C  ca ta l y sts (50 w t% ). F rom  a  
giv e n  su ppose d w t%  of  pote n tia l l y  a ct iv e  m e ta l  in  
M e - N - C  m a te ria l  (M e N x  m oie tie s in  the  b u l k  or on  
the  su rf a ce ), the  a tom ic m a ss a n d the  u til isa tion  
f a ct or (ra tio of  e l e ct roch e m ic a l l y  a ddre ssa b l e  M e N x  

m oie tie s to tota l  n u m b e r of  m oie tie s in  a  giv e n  
ca ta l y st), it is possib l e  to ca l cu l a te  e x pe ct e d S D  
v a l u e s. T a b l e  I I I  show s tha t on l y  a  sl ightl y  l ow e r 
S D - v a l u e  is ca l cu l a te d f or F e - N - C  (3 w t%  F e ) vs. 
50 w t%  P t/C  ca ta l y st if  on e  a ssu m e s tha t the  
site  u til isa tion  of  F e - N x  m oie tie s is 100% . A l so of  
pra ct ica l  in te re st, it in  tu rn  im pl ie s tha t the  l oa din g 
of  F e N x  site s pe r cm 2 of  M E A  is on l y  f ou r tim e s 
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C a t a l y s t  d e s c r i p t i o n  S D ,  n u m b e r  o f  
s i t e s  p e r  c m 3  o f  
e l e c t r o d e  

S L ,  n u m b e r  o f  s i t e s  
p e r  c m 2 e l e c t r o d e  

C o r r e s p o n d i n g  
c a t a l y s t  l o a d i n g ,  m g  
c m – 2 

F e - N - C ,  3  w t %  F e ,  1.29 ×  1020 1.29 ×  1018 d 4  m gF e - N - C  cm – 2 d 

1 0 0 %  s i t e  u t i l i s a t i o n  

F e - N - C ,  3  w t %  F e ,  25 %  3.23 ×  1019 3.23 ×  1017  d 4  m gF e - N - C  cm – 2 d 

s i t e  u t i l i s a t i o n  

P t / C ,  5 0  w t %  P t ,  25 %  3.09 ×  1020 3.09 ×  1017  e  0.4  m gP t cm – 2 e  

s i t e  u t i l i s a t i o n  c  

– 2 f[ N i ( P 2 
R N 2 

R′) 2] n+ ,  1 0 0 %  7 .5 ×  1018 1.5 ×  1016 f  0.04  m gN iP 2N 2 cm
s i t e  u t i l i s a t i o n ,  ( 5 3 )  

P t / C  5 0  w t %  P t ,  25 %  3.9 ×  1019 3.9 ×  1016 0.05 m gP t cm – 2 

s i t e  u t i l i s a t i o n  

a T he  a m ou n t of  e l e ct roch e m ica l l y  a ddre ssa b l e  a ct iv e  site s in  N i(P 2 
R N 2 

R′)n+  w a s de te rm in e d f rom  cy cl ic v ol ta m m e try  
b U l tra - l ow  l oa din g of  P t/C  f or H O R . T he  v a l u e  of  0.4  gc a rb on  pe r cm 3 of  e l e ct rode  v ol u m e  w a s a ssu m e d f or a l l  ca ta l y sts. F or F e - N - C , it w a s 
a ssu m e d tha t e ithe r 100%  or 25%  of  the  F e - N x  m oie tie s a re  su rf a ce - e x pose d (pa rtici pa te  in  the  O R R ), w hil e  f or P t/C , it w a s a ssu m e d 
tha t ¼ of  the  P t a tom s a re  su rf a ce  e x pose d (ra tio co rre spon din g to P t pa rticl e s of  ca. 2– 3 n m ) 
c T his P t site  u til isa tion  e x pre sse s on l y  the  ra tio of  su rf a ce  P t a tom s to a l l  P t a tom s. W e  highl ight how e v e r tha t n ot a l l  P t su rf a ce  site s a re  
e q u iv a l e n t in  te rm s of  T O F , w ith te rra ce  site s a n d co n ca v e  co ordin a te d P t site s b e in g m ore  a ct iv e  f or O R R  (54 , 55) 
dF or a  100 µ m - thick  e l e ct rode  
e F or a  10 µ m - thic k  e l e ct rode  
f F or a  25 µ m - thic k  e l e ct rode  

highe r f or a  100 µ m  thick  F e - N - C  ca thode  tha n  
f or a  10 µ m  thick  P t/C  ca thode  (T a b l e  I I I ). T hu s, 
a s a  re su l t of  co m b in e d co n stra in ts in  ca thode  
l a y e r thick n e ss a n d in  a ct iv e  m e ta l  co n te n t in  
py rol y se d F e - N - C  ca ta l y sts, the se  stra ightf orw a rd 
ca l cu l a tion s im pl y  tha t, in  orde r to re a ch  a  sa m e  
cu rre n t de n sity  a t 0.8 V  or 0.9 V , su ch  a  F e - N - C  
ca thode  m u st c om prise  F e N x  a ct iv e  site s w ith 
a  T O F  tha t is in  f a ct  v e ry  co m pa ra b l e  to tha t of  
su rf a ce - e x pose d P t a tom s. T a b l e  I I I  a l so re ports 
the  n u m b e rs ca l cu l a te d a ssu m in g tha t on l y  ¼ of  
the  F e - N x  m oie tie s a re  u til ise d (on  the  su rf a ce ). 
T he  a ssu m e d u til isa tion  f a c tor of  0.25 is in  l in e  
with very recent quantifications of site utilisation 
f or su ch  m a te ria l s (se e  l a te r). 
S om e  possib l e  pa thw a y s tow a rd in cr e a se d a ct iv ity  

of  M e - N - C  ca ta l y sts a re  sc he m e d in  F i g u r e  8 , 
re a ch e dvi a in cr e a sin g e ithe r the  S D  or T O F  (E q u a tion  
(iii)). W hil e  in cr e a sin g the  m e ta l  co n te n t w ithou t 
f orm a tion  of  m e ta l l ic pa rticl e s du rin g py rol y sis m a y  
re m a in  l im ite d, the re  m ight b e  som e  ga in  possib l e  
re l a tiv e  to the  pre se n t sta tu s (se e  F i g u r e  4 ). 
I n cr e a se d de n sity  of  de f e ct s in  gra phe n e  she e ts 
(in - pl a n e  site s) or in cr e a se d e dge  l e n gth pe r m a ss 
of  ca rb on  (e dge  site s) co u l d a l l ow  in cr e a se  of  the  
de n sity  of  F e N x  a ct iv e  site s (ste p B  in  F i g u r e  8 ). A t 
a fixed bulk metal content, preferential formation 
of  F e N x  site s on  the  su rf a ce  of  the  ca rb on  m a te ria l , 

ra the r tha n  sta tistica l  distrib u tion  on  the  su rf a ce  
a n d in  the  b u l k , co u l d in cr e a se  the  u til isa tion  f a ct or 
of  F e N x  site s (in  e l e ct roca ta l y sis, on l y  the  site s a t 
the  sol id- e l e ct rol y te  in te rf a ce  a re  e l e ct roch e m ica l l y  
a ct iv e ) (ste p C  in  F i g u r e  8 ). T he  u til isa tion  f a ct or 
of  sta tistica l l y - dispe rse d F e N x  m oie tie s co u l d a l so 
b e  in cr e a se d vi a in cr e a se d ca rb on  su rf a ce  a re a  
(de cr e a se d a v e ra ge  n u m b e r of  sta ck e d gra phe n e  
she e ts in  the  m a te ria l , ste p D  in  F i g u r e  8 ). T he  
T O F  of  sin gl e  m e ta l - a tom s in  M e N x  m oie tie s m ight 
a l so b e  in cr e a se d, e ithe r throu gh the  pre f e re n tia l  
f orm a tion  of  ce rta in  M e N x  m oie tie s (f or e x a m pl e  
e dge  vs. in - pl a n e , if  e dge  de f e ct s a re  m ore  a ct iv e , or 
vi ce ver sa if  in - pl a n e  de f e c ts a re  show n  to b e  m ore  
a ct iv e ) or the  f orm a tion  of  m ore  co m pl e x  site s. O n e  
su ch  possib il ity  is the  f orm a tion  of  b in u cl e a r F e 2N x  

site s, w he re  the  F e – F e  dista n ce  is co m m e n su ra te  
w ith the  O = O  b on d dista n ce , a l l ow in g the  tw o F e  
ce n tre s to w ork  f a ste r tha n  tw o in div idu a l  F e N x  

m oie tie s (32). O the r a ddition a l  pa ra m e te rs ha v e  
b e e n  propose d or in v e stiga te d to tu n e  the  T O F , 
su ch  a s b i- m e ta l l ic ca ta l y sts (f or e x a m pl e  F e - M n  
or F e - C o) (56, 57 ), a n d co - dope d ca rb on  b y  
n itroge n  a n d a n othe r l ight e l e m e n t (su ch  a s su l f u r, 
phosphoru s or b oron ) (58). T he  in trodu ct ion  of  
ch e m ica l  e l e m e n ts othe r tha n  F e (C o), N  a n d C  co u l d 
in de e d of f e r b roa de r pe rspe ct iv e s on  the  e l e ct ron ic 
prope rtie s of  the  gra phe n e  she e ts, a n d the re b y  of  
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I n - pl a n e  b in u cl e a r 
F e 2N x  m oie ty  

E dge  F e N x  
m oie ty  O 2 

I n - pl a n e  F e N x  
m oie ty  

E dge  
b in u cl e a r 

S i t e  
d e n s i t y  

F e 2N x  
m oie ty  E  O 2 A  B  

T O F  

S i t e  u t i l i s a t i o n  

D  C  

O 2 

F ig. 8. S c he m e  of  possib l e  w a y s to in c re a se  the  v ol u m e tric  a c tiv ity  of  M e - N - C  c a ta l y sts: A  ty pic a l  F e - N - C  
c a ta l y st w ith f ou r sta c k e d gra phe n e  she e ts in c l u din g in - pl a n e  a n d e dge  F e N x  site s. O n l y  the  F e N x  site s on  the  
top a n d b ottom  she e ts a re  O 2 a c c e ssib l e ;  B  F e - N - C  c a ta l y st w ith highe r F e  c on te n t, in c l u din g O 2- a c c e ssib l e  
a n d O 2 in a c c e ssib l e  site s;  C  F e - N - C  c a ta l y st w ith pre f e re n tia l  l oc a tion  of  F e N x  site s on  the  top a n d b ottom  
gra phe n e  she e ts (O 2- a c c e ssib l e  su rf a c e s);  D  Fe-N-C catalyst with higher specific surface area (lower number 
of  sta c k e d gra phe n e  she e ts);  E  F e - N - C  c a ta l y st f e a tu rin g b in u c l e a r F e 2N x  site s w ith possib l e  c oope ra tiv e  O = O  
b on d dissoc ia tion  on  the  tw o F e  c e n tre s 

the  e l e ct ron  de n sity  a t the  F e  ce n tre s (59). T he  
O 2 b in din g e n e rgy  a n d the re f ore  the  T O F  m ight b e  
in c re a se d f u rthe r w ith on e  of  those  a pproa ch e s. 
W he the r the  M e N x  site s a re  m ostl y  l oca te d in -

pl a n e  or on  the  e dge  of  gra phe n e  or disorde re d 
gra phe n e  she e ts is im porta n t (22, 23, 30, 60, 61). 
A n sw e rin g tha t q u e stion  w ou l d in dica te  w he the r 
the  in - pl a n e  siz e  of  gra phe n e  she e ts m u st b e  
de cr e a se d or the  a v e ra ge  n u m b e r of  sta ck e d l a y e rs 
de cr e a se d. F or a  se t of  F e - N - C  ca ta l y sts pre pa re d 
vi a the  sil ica  te m pl a te  m e thod a n d u sin g n ica rb a z in  
a n d iron  n itra te  a s N , C  a n d F e  pre cu rsors, it w a s 
show n  tha t de cr e a se d sta ck in g l e d to in cr e a se d 
a ct iv ity , im pl y in g tha t m ost of  the  a ct iv e  site s a re  
in - pl a n e  m oie tie s f or this sy n the sis (F i g u r e  9 ) (60). 
I n te re stin gl y , the  ca rb on  m a trix  w a s highl y  gra phitic 
f or this se t of  ca ta l y sts (60), in  co n tra st w ith w ha t 
is u su a l l y  ob se rv e d on  m ost F e - N - C  ca ta l y sts tha t 
a re  highl y  O R R - a ct iv e  (31, 62– 64 ). T he  a v e ra ge  
n u m b e r of  sta ck e d gra phe n e  l a y e rs is ty pica l l y  on l y  
4 – 6, a s e stim a te d f rom  R a m a n  spe ct rosco py , f or 
high- su rf a ce - a re a  a m orphou s ca rb on  stru ct u re s in  
F e - N - C  ca ta l y sts. F orm a tion  of  l a rge  in - pl a n e  v oids 
(se v e ra l  ca rb on  a tom s re m ov e d, se e  f or e x a m pl e  
F i g u r e  4 ( b ) ) co u l d a l so a l l ow  O 2 a cce ss to in -
pl a n e  F e N x  m oie tie s tha t a re  n ot situ a te d in  the  
u ppe rm ost gra phe n e  l a y e r of  a  gra phitic cr y sta l l ite , 

the re b y  b re a k in g the  re l a tion ship b e tw e e n  sta ck in g 
n u m b e r a n d O R R  a ct iv ity . S u ch  a  re l a tion ship is 
othe rw ise  e x pe ct e d, w ith the  hy pothe sis tha t m ost 
F e N x  site s a re  l oca te d in - pl a n e . 
I n  gu idin g e x pe rim e n ta l  e f f orts, dise n ta n gl in g 

the  ov e ra l l  v ol u m e tric a ct iv ity  in to S D  a n d T O F  
(Equation (iii)) is not only of scientific importance 
b u t a l so ha s te ch n ol ogica l  im pl ica tion s on  the  
de v e l opm e n t of  prom isin g ca ta l y st pre pa ra tion  
rou te s a n d on  the  de sign  of  high- pe rf orm a n ce  
n on - pgm  ca thode  l a y e rs. F or e x a m pl e , a  l ow  
S D - v a l u e  im pl ie s strin ge n t re q u ire m e n ts on  l oca l  
m a ss- tra n sport prope rtie s n e a r a ct iv e  site s, f or a  
giv e n  cu rre n t de n sity  of  the  ca thode  l a y e r. O n ce  
m e thods a re  de v e l ope d f or q u a n tif y in g S D  in  
M e - N - C  ca ta l y sts, T O F  v a l u e s ca n  the n  b e  de du ce d 
f rom  the  co m b in e d k n ow l e dge  of  the  e x pe rim e n ta l  
v a l u e s of  a ct iv ity  a n d S D . A s a n  e x a m pl e , T O F  
v a l u e s m u ch  highe r tha n  tha t of  su rf a ce - l oca te d 
P t a tom s in  P t/C  ca ta l y sts m a y  l e a d to a ddition a l  
m a ss- tra n sport issu e s a t short ra n ge  (highe r l oca l  
diffusion flux of O2 n e e de d tow a rds in div idu a l  
a ct iv e  site s). I n  a ddition , M e - N - C  ca ta l y sts w ith 
high T O F  b u t l ow  S D  m a y  n ot on l y  l e a d to l oca l  
O 2 sta rv a tion  w he n  ope ra tin g a t high cu rre n t 
de n sity  in  P E M F C , b u t m a y  a l so l e a d to the  b u il d-
u p of  hy droge n  pe rox ide  co n ce n tra tion  gra die n ts 
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F ig. 9. E f f e c t of  a v e ra ge  n u m b e r of  sta c k e d gra phe n e  she e ts on  O R R  a c tiv ity  of  py rol y se d F e - N - C  c a ta l y st: 
(a ) S c he m e  of  in - pl a n e  a n d e dge  F e N x  site s a n d O 2 (in )a c c e ssib il ity ;  (b ) P E M F C  pol a risa tion  c u rv e s w ith H 2/ 
O 2 or H 2/a ir f e e d;  (c ) n e ga tiv e  c orre l a tion  b e tw e e n  c u rre n t de n sity  a t 0.8 V  re a d on  the  H 2/a ir pol a risa tion  
c u rv e  a n d the  a v e ra ge  n u m b e r of  sta c k e d gra phe n e  l a y e rs f or a  se t of  12 F e - N - C  c a ta l y sts. T e st c on dition s: 
80° C , 100%  R H , 1.5 b a r (H 2/O 2) a n d 2.5 b a r (H 2/a ir) tota l  ga s pre ssu re s. R e prin te d w ith pe rm ission  f rom  
(60). C opy right (2017 ) A m e ric a n  C he m ic a l  S oc ie ty  

(high co n ce n tra tion  l oca l l y  a rou n d a ct iv e  site s), 
with expected dramatic influence on the long term 
du ra b il ity  of  M e - N - C  ca thode s (65). F or a l l  the se  
re a son s, dise n ta n gl in g S D  a n d T O F  v a l u e s f rom  
the  ov e ra l l  O R R  a ct iv ity  w il l  b e  im porta n t f or the  
f u rthe r de v e l opm e n t of  M e - N - C  ca ta l y sts. 
W he re a s e sta b l ishe d m e thods e x ist f or P t- b a se d 

ca ta l y sts (ca rb on  m on ox ide  ch e m isorption , 
e l e ct roch e m ica l  hy droge n  sorption ) the y  do n ot 
w ork  a t room  te m pe ra tu re  f or M e - N - C  ca ta l y sts. 
Reliable quantification of the catalytic sites on the 
su rf a ce  of  py rol y se d M e - N - C  ca ta l y sts is a n  on goin g 
ch a l l e n ge . A tte m pts ha v e  b e e n  m a de  in  the  pa st to 
e stim a te  the  v a l u e s of  S D  a n d T O F  of  som e  F e - N - C  
ca ta l y sts (66, 67 ), how e v e r those  e stim a tion s ha v e  
a l w a y s in cl u de d on e  or m ore  hy pothe se s su ch  
a s: (a ) f u l l  u til isa tion  of  a l l  F e  a tom s in  F e - N - C  
(N u m b e rF e  cm – 3 =  S D );  or (b ) f u l l  u til isa tion  of  the  
F e N x  m oie tie s (a  l e ss cr u de  hy pothe sis tha n  (a ), 
b u t stil l  prob a b l y  f a r f rom  the  re a l  F e  u til isa tion ). 
57 F e  M ö ssb a u e r spe ct rosco py  is pow e rf u l  in  
distin gu ishin g F e N x  m oie tie s f rom  cr y sta l l in e  F e  
stru ct u re s. E v e n  thou gh cl e a n  F e - N - C  ca ta l y sts w ith 
a n  57 F e  M ö ssb a u e r spe ct rosco pic sign a tu re  show in g 
on l y  q u a dru pol e  dou b l e ts (a ssign e d to a tom ica l l y -

dispe rse d F e - ion s) ca n  n ow  b e  sy n the sise d, 
the  f a ct  tha t M ö ssb a u e r spe ct rosco py  is a  b u l k  
te ch n iq u e  im pl ie s tha t it ca n n ot dire ct l y  distin gu ish 
b u l k  site s f rom  su rf a ce  site s. T he  sa m e  ob se rv a tion  
a ppl ie s to X- ra y  a b sorption  spe ct rosco py , the  othe r 
b roa dl y  a ppl ie d te ch n iq u e  to ch a ra ct e rise  the  l oca l  
e n v iron m e n t a rou n d F e  a n d C o ce n tre s in  py rol y se d 
M e - N - C  ca ta l y sts. R e ce n t y e a rs ha v e  w itn e sse d 
the  de v e l opm e n t of  a  f e w  ex  si tu  (ga s- sol id) a n d 
i n si tu  (l iq u id- sol id) sorption  te ch n iq u e s to a sse ss 
the  S D  of  su ch  ca ta l y sts. T he se  re l y  on  the  stron g 
in te ra ct ion  of  a  sm a l l  prob e  m ol e cu l e  w ith su rf a ce  
a dsorption  site s re su l tin g in  poison in g of  the  site . 
E a rl y  n on - pgm  c a ta l y st poison in g stu die s re a l ise d 

tha t C O ga s, a n  in tu itiv e  c hoic e  of  poison  f or F e  
c e n tre s, is u n a b l e  to b l oc k  F e - N - C  site s q u a n tita tiv e l y  
u n de r a m b ie n t te m pe ra tu re  a n d pre ssu re  c on dition s 
(68, 69). In contrast, the cyanide ion was identified 
a s a  su ita b l e  i n si tu  poison in g l iga n d f or F e N 4  

c e n tre s (7 0, 7 1). O w in g to its irre v e rsib l e  a dsorption  
how e v e r, C N –  a dsorption  c ou l d n ot b e  u til ise d f or 
q u a n tita tiv e  S D  e v a l u a tion . R e c e n tl y , a n  ex  si tu  l ow -
te m pe ra tu re  (– 100° C ) C O  ga s pu l se  c he m isorption -
based technique for the quantification of the SD 
of  F e - M n - N - C  a n d M n - N - C  c a ta l y sts w a s re porte d 



24 5  ©  2018 J ohn son  M a tthe y  

https://doi.org/10.1595/205651318X696828 Johnson Matthey Technol. Rev., 2018, 62, (2)

b y  S tra sse r’ s grou p (F i g u r e s  1 0 ( a )  a n d 1 0 ( b ) ). 
Q u a n tita tiv e  v a l u e s of  S D  w e re  dire c tl y  ob ta in e d 
f rom  the  tota l  a m ou n t of  a dsorb e d C O  de riv e d f rom  
c on se c u tiv e  C O  pu l se s (7 2). S u b se q u e n t the rm a l  
de sorption  of  the  a dsorb e d C O  du rin g he a tin g ra m ps 
f rom  – 100° C  to a b ou t + 4 00° C  prov ide d a ddition a l  
in sight on  the  de sorption  k in e tic s a n d, in dire c tl y , in to 
the  re l a tiv e  C O  c he m isorption  e n e rgie s of  dif f e re n t 
F e N x  or dissim il a r M e - N x  site s. T his S D  e stim a tion  
te c hn iq u e  is stra ightf orw a rd, rob u st a n d m a y  b e  
a ppl ic a b l e  to v a riou s n on - pgm  m e ta l  c e n tre s. I ts 
dra w b a c k  c on sists of  the  f a c t tha t it is pe rf orm e d 

ou tside  the  e l e c trol y te , a n d thu s re l ie s on  the  
a ssu m ption  tha t a l l  site s prob e d b y  ga s m ol e c u l e s 
re m a in  a c tiv e  a n d a c c e ssib l e  in  a n  e l e c troc he m ic a l  
e n v iron m e n t. M ore  re c e n tl y  stil l , a n  e l e c troc he m ic a l  
i n si tu  te c hn iq u e  to prob e , e v a l u a te  a n d q u a n tif y  
the  S D  a t the  su rf a c e  of  a  pow de r c a ta l y st e l e c trode  
w a s re porte d b y  K u c e rn a k ’ s grou p (7 3). T he  a u thors 
demonstrated a protocol that allows the quantification 
of  S D  in  M e - N - C  c a ta l y sts ope ra tin g u n de r a c idic  
c on dition s b y  m e a n s of  n itrite  a dsorption , f ol l ow e d 
b y  re du c tiv e  strippin g (F i g u r e s  1 0 ( c )  a n d 1 0 ( d ) ). 
T he  m e thod show e d dire c t c orre l a tion  to the  c a ta l y tic  
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(a) quantification of moles CO adsorbed on monometallic Fe-N-C and Mn-N-C materials, or bimetallic 
F e - M n - N - C  m a te ria l s (l a b e l l e d a s (F e ,M n )- N - C , a l thou gh n ot n e c e ssa ril y  im pl y in g b in u c l e a r a c tiv e  site s) b y  
pu l se d C O  c he m isorption  a t l ow  te m pe ra tu re ;  (b ) c orre l a tion  b e tw e e n  C O  u pta k e  (m ol e  pe r m gc a ta l y st) a n d 
O R R  a c tiv ity ;  (c ) sc he m e  show in g the  poison in g of  F e  site  b y  n itrite  l e a din g to sta b l e  F e - N O  a ddu c ts a n d its 
re m ov a l  b y  re du c tiv e  strippin g, l e a din g to the  re ge n e ra tion  of  the  O R R - a c tiv e  F e  site ;  (d) the  n u m b e r of  F e  
site s is de te rm in e d f rom  the  e l e c tric  c ha rge  a ssoc ia te d w ith F e - N O  a ddu c ts du rin g e l e c troc he m ic a l  re du c tion . 
R e produ c e d f rom  (7 2) a n d (7 3) 

(c ) (d) 
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a c tiv ity  a n d w a s de m on stra te d f or a  n u m b e r of  
n on - pgm  c a ta l y st m a te ria l s. L a stl y , a  re c e n t stu dy  
f rom  L os A l a m os N a tion a l  L a b ora tory  show e d tha t 
a specific doublet in the Mössbauer spectrum of an 
Fe-N-C catalyst was modified in the presence of NO 
(7 4 ). A f te r a n  e l e c troc he m ic a l  re du c tion  tre a tm e n t 
a ppl ie d to c on v e rt pote n tia l  F e I I I N 4  m oie tie s in to 
F e I I N 4  m oie tie s, the  in trodu c tion  of  N O - ga s stron gl y  
modified only one doublet. That doublet accounted for 
24 %  of  the  re l a tiv e  a b sorption  a re a  w hil e  the  su m  of  
a l l  dou b l e ts (a l l  ty pe s of  F e N x  m oie tie s) a c c ou n te d f or 
63% of the absorption area. This defines a utilisation 
factor of 0.38 for that specific catalyst, in line with 
the  e x pe c te d u til isa tion  f a c tor if  F e N x  m oie tie s a re  
sta tistic a l l y  dispe rse d in  gra phe n e  she e ts, a n d w ith 
a n  a v e ra ge  sta c k in g (a s de te rm in e d e x pe rim e n ta l l y ) 
of five graphene sheets. 
I n  the  n e a r f u tu re , on e  or se v e ra l  of  the se  

m e thods a n d possib l y  n e w  on e s w il l  ce rta in l y  b e  
regularly applied by research groups in the field. 
T his w il l  giv e  m ore  de ta il e d in f orm a tion  on  b oth 
the  S D  a n d T O F  v a l u e s in  su ch  ca ta l y sts a n d w il l  
gu ide  the  de sign  of  su ch  ca ta l y sts a n d ca ta l y st 
l a y e rs (F i g u r e  1 1 ). S u ch  m e thods tha t a l l ow  
de co n v ol u tion  of  S D  a n d T O F  v a l u e s w il l  a l so 
in f orm  on  how  the se  v a l u e s ch a n ge  a f te r v a riou s 
e l e ct roch e m ica l  or ch e m ica l  a gin g of  the  ca ta l y sts. 
T his w il l  l e a d to n ov e l  u n de rsta n din g in  pa rticu l a r 

on  w he the r the  m a in  in sta b il ity  (de cr e a se d O R R  
a ct iv ity  ov e r tim e ) of  pgm - f re e  M e - N - C  ca ta l y sts in  
P E M F C  m ostl y  origin a te s f rom  a  de cr e a sin g S D  or 
f rom  a  de cr e a sin g a v e ra ge  T O F  ov e r tim e . 

3 .  N o n - p g m  A n o d e  C a t a l y s t s  

3 . 1  L i m i t a t i o n s  o f  P l a t i n u m  C a t a l y s t s  

T he  a n ode  P t l oa din g in  P E M F C  is cu rre n tl y  a rou n d 
0.05 m g cm – 2 a n d ca n n ot b e  f u rthe r de cr e a se d 
w ithou t u n a cce pta b l y  in cr e a sin g the  a n ode  
se n sitiv ity  to H 2- f u e l  co n ta m in a n ts. I n de e d in  
floating electrode configuration, Pt nanoparticles 
su pporte d on  ca rb on  b l a ck  (20– 50 w t%  P t/C ) 
a t u l tra - l ow  l oa din gs < 5 µ gP t cm – 2 ha v e  show n  
H O R  e x ch a n ge  cu rre n t de n sity  of  100 m A  cm P t 

– 2 

(80 A  m gP t 
– 1 ‘ m a ss- n orm a l ise d’  e x ch a n ge  cu rre n t 

de n sity ) a t room  te m pe ra tu re , w ith the  pe rf orm a n ce  
dou b l in g w he n  the  te m pe ra tu re  is in cr e a se d to 60° C  
(7 5). H ow e v e r, u l tra - l ow  l oa de d P t ca ta l y st l a y e rs 
(1– 5 µ gP t cm – 2) a re  e x tre m e l y  se n sitiv e  to a  ra n ge  
of contaminants (CO, hydrogen sulfide) present in 
the  f u e l  or l e a ch e d f rom  sta ck  co m pon e n ts tha t 
re v e rsib l y  or irre v e rsib l y  de te riora te  the ir a ct iv ity . 
H e n ce , the  de sign  of  ca ta l y sts w ith u l tra - l ow  P t 
co n te n t tha t a re  m ore  tol e ra n t to co n ta m in a n ts, 
or of  n on - P t H O R  ca ta l y sts tha t a re  im m u n e  to 

F ig. 11. M a ste r pl ot show in g the  l in e a r re l a tion  b e tw e e n  site  l oa din g (n u m b e r of  a c tiv e  site s pe r c m 2 

ge om e tric  a re a  of  c a thode ) a n d site  T O F  (n u m b e r of  e l e c tron s re du c e d pe r site  a n d pe r se c on d, a t 0.9 V ). 
T he  ora n ge  l in e  c orre spon ds to a n  iso- a c tiv ity  c u rv e  of  4 4  m A  c m – 2 a t 0.9 V  f or the  c a thode  (U S  D O E  ta rge t 
f or O 2- f e d c a thode , se e  T a b l e  I I ), w hic h c a n  b e  re a c he d w ith dif f e re n t c om b in a tion s of  S L  a n d T O F  v a l u e s. 
T he  S L  v a l u e  is itse l f  a  c om b in a tion  of  the  S D  a n d c a thode  thic k n e ss. T he  ope ra tin g poin t f or P t n a n opa rtic l e s 
on  c a rb on  is in dic a te d w ith the  ora n ge  c irc l e . T w o F e - N - C  c a thode s w ith l oa din g of  1 m gF e - N - C  c m – 2 a re  
represented (open purple circles and filled red circle) as well as three possible paths to reach the cathode 
activity target, for a fixed cathode thickness 
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0.8 

co n ta m in a n ts w ou l d n ot on l y  f u rthe r re du ce  the  
tota l  P t co n te n t in  P E M F C s b u t w ou l d a l so f a ci l ita te  
the  u se  of  l ow e r co st H 2 re f orm e d f rom  n a tu ra l  ga s 
or produ ce d f rom  b iom a ss. T his w ou l d e a se  the  
tra n sition  b e tw e e n  ‘ f ossil ’  H 2 a n d re n e w a b l e  H 2. 

3 . 2 T u n g s t e n  a n d  M o l y b d e n u m  
C a r b i d e s  

E x c e pt f or pgm s, n ic k e l  a s w e l l  a s se v e ra l  N i- a l l oy s 
c a n  driv e  H O R  c a ta l y sis in  highl y  a l k a l in e  c on dition s 
(7 6). F or a  l on g tim e , tu n gste n  a n d m ol y b de n u m  
c a rb ide s possib l y  dope d w ith C o or N i (W C , M /W C , 
M  =  N i, C o a n d C o/M oC ) w e re  the  on l y  pgm - f re e  
H O R  c a ta l y sts tha t a re  sta b l e  u n de r a c idic  c on dition s 
(7 7 – 7 9). A n ode s b a se d on  the se  m a te ria l s m ix e d 
w ith c a rb on  b l a c k  ha v e  e x hib ite d c u rre n t de n sitie s u p 
to 20– 4 0 m A  c m – 2 a t 0.1 V  vs. re v e rsib l e  hy droge n  
e l e c trode  (R H E ) (7 7 – 7 9). S u c h m a te ria l s ha v e  
prov e n  q u ite  re sista n t to C O  (80) a n d ha v e  b e e n  
su c c e ssf u l l y  im pl e m e n te d a s M E A  a n ode s toge the r 
w ith P t- b a se d c a thode s a n d displ a y e d a  m a x im u m  
pow e r de n sity  of  ~ 20 m W  c m – 2. T he  re pl a c e m e n t of  
P t b y  su c h c a ta l y sts in  sin gl e - c e l l  P E M F C  ha s so f a r 
re su l te d in  a  f a c tor- 10 l ow e r pow e r de n sity  (F i g u r e  
1 2) (81). H ow e v e r, the y  su f f e r f rom  l im ite d a c tiv ity  
a n d a l so l im ite d sta b il ity  du e  to c a rb ide  ox ida tion  
(a n d re l e a se  of  C O 2) c ou pl e d to the  f orm a tion  of  the  
c orre spon din g m e ta l  ox ide s. 

3 . 3  B i o i n s p i r e d  N i c k e l - D i p h o s p h i n e  
C a t a l y s t s  

M ore  re ce n tl y , a  b ioin spire d a pproa ch  f or pgm - f re e  
H O R  ca ta l y sts w a s de v e l ope d. H y droge n a se s a re  

1.0 200 

e n z y m e s tha t re v e rsib l y  ca ta l y se  H O R  cl ose  to the  
e q u il ib riu m  pote n tia l  a n d w ith tu rn ov e r f re q u e n ci e s 
e x ce e din g 1000 s– 1 f or b oth H O R  a n d H E R  a t 0.2 V  
ov e rpote n tia l  (82). H y droge n a se s on l y  co n ta in  N i 
a n d m e ta l  a tom s in  a  su l f u r- rich  a n d orga n om e ta l l ic 
e n v iron m e n t a t the ir a ct iv e  site s (F i g u r e  1 3 ) (83, 
84 ). I n spire d b y  the  stru ct u re  of  the se  a ct iv e  site s, 

R′)2] n+[ N i(P 2 
R N 2 ca ta l y sts b a se d on  a  n ic k e l (I I ) 

ce n tre  co ordin a te d to tw o diphosphin e  l iga n ds, 
a n d b e a rin g tw o pe n da n t a m in e  grou ps in  a  
distorte d sq u a re - pl a n a r ge om e try  w e re  de sign e d 
b y  D u B ois (F i g u r e  1 3 ) (85, 86). S u ch  a m in e  
grou ps m im ick in g the  pe n da n t b a se  f ou n d a t 
the  [ F e F e ] - hy droge n a se  a ct iv e  site  a ct  a s proton  
re l a y s in  cl ose  prox im ity  to the  m e ta l - b ou n d 
hy dride  to prom ote  H – H  b on d f orm a tion  du rin g 
the  hy droge n  e v ol u tion  re a c tion  (H E R ), a n d a s a  
pol a rise r of  the  H – H  b on d, to prom ote  its cl e a v a ge  

R′)2] n+du rin g H O R  (87 , 88). B ioin spire d [ N i(P 2 
R N 2 

co m pl e x e s displ a y  b idire ct ion a l  a ct iv ity  in  H E R  a n d 
H O R  w ith a  f e w  de riv a tiv e s b e in g re v e rsib l e  H E R / 
H O R  ca ta l y sts, a l b e it w ith a  k in e tic b ia s tow a rds 
on e  or othe r dire ct ion  (89– 92). A l m ost re v e rsib l e  
H E R /H O R  ca ta l y sis is ob se rv e d in  f u l l y  a q u e ou s 

C y N 2
A rg)2] 7 +e l e ct rol y te  w ith [ N i(P 2 , a l thou gh a t 

e l e v a te d te m pe ra tu re s (91). M a x im a l  H O R  T O F s 
ha v e  b e e n  re porte d in  the  ra n ge  of  102 s– 1 a t pH  
v a l u e s b e tw e e n  0 a n d 1, w ith dra m a tic de cr e a se  a s 
soon  a s the  pH  e x ce e ds 2. 

R′)2] n+I m m ob il isa tion  of  [ N i(P 2 
R N 2  co m pl e x e s 

on  ca rb on  n a n otu b e s (C N T s) de posite d on to 
gas diffusion layers (GDL) yields very efficient 
re v e rsib l e  ca ta l y tic m a te ria l s f or H E R /H O R  (93–  
95). T hre e  distin ct  im m ob il isa tion  m ode s (co v a l e n t, 
p- sta ck in g a n d e l e ct rosta tic)  ha v e  b e e n  de v e l ope d 
to a tta ch  the  b ioin spire d ca ta l y tic site  on to su ch  
n a n ostru ct u re d e l e ct rode s (96). T o tha t a im , v a riou s 

R′)2] n+[ N i(P 2 
R N 2 stru ct u re s in co rpora tin g distin ct  

a n ch orin g grou ps w e re  u se d. F i g u r e  1 3  show s the  
C y N 2

C y N 2 
E ste r)2] 2+stru ct u re  of  [ N i(P 2

A rg)2] 7 + , [ N i(P 2
C y N 2a n d [ N i(P 2

P y )2] 2+  co n ta in in g a rgin in e , a ct iv a te d 
e ste r a n d py re n e  a n ch orin g grou ps, re spe ct iv e l y . 
W ith dif f e re n t a n ch orin g grou ps on  the  m ol e cu l a r 
ca ta l y st co m e  dif f e re n t re ce iv in g grou ps on  the  C N T s 
(F i g u r e  1 3 ( b ) ). S ta n da rd gra f tin g stra te gie s w e re  
e m pl oy e d: pol y ca tion ic/ pol y a n ion ic e l e ct rosta tic 
in te ra ct ion  (95), co v a l e n t a m ide  l in k a ge  (94 ) a n d 
π-stacking of a pyrene moiety directly onto CNTs 
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(93). A n  a l te rn a tiv e  proce du re  w a s de v e l ope d to 
co n stru ct  m ol e cu l a r [ N i(P 2 

R N 2 
R′)] n+  ca ta l y tic site s 

in  a  ste pw ise  m a n n e r on  the  C N T - b a se d e l e ct rode  
(53), in which the diphosphine ligand was firstly 
im m ob il ise d vi a a m ide  co u pl in g a n d the  n ick e l  

0 
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F ig. 13. (a ) T hre e  m ol e c u l a r c om pl e x e s f or H 2 ox ida tion  a n d e v ol u tion  w ith a n c horin g grou ps, in spire d f rom  
the  a c tiv e  site s of  [ F e F e ] - hy droge n a se s. H e re , the  a c tiv e  site  of  C . r ei nhar d ti i  H y dA  (B ) is re pre se n te d in  
its n a tiv e  sta te  a n d a  H 2 m ol e c u l e  c a n  c oordin a te  w he re  the  re d a rrow  poin ts (83). T he  N iF e  a c tiv e  site  
of  E . coli  H y d1 is re pre se n te d in  a  sim il a r f a shion  (A ) (84 );  (b ) thre e  b io- in spire d m ol e c u l a rl y - e n gin e e re d 
n a n om a te ria l s f or H 2 ox ida tion : M W C N T - C O O – /[ N i(P 2

C y N 2
A rg)2] 7 + , M W C N T - N H 3 

+ /[ N i(P 2
C y N 2 

E ste r)2] 2+  a n d 
M W C N T /[ N i(P 2

C y N 2
P y re n e )2] 2+ . A da pte d f rom  (96) w ith pe rm ission  of  the  R oy a l  S oc ie ty  of  C he m istry  

[ N iF e ] - hy droge n a se  a c tiv e  site  [ F e F e ] - hy droge n a se  a c tiv e  site  
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A  B  

ce n tre  w a s the n  in trodu ce d in  a  se co n d ste p in  the  
f orm  of  a  co m m e rci a l l y  a v a il a b l e  n ick e l  sa l t (97 ). 
Electrochemical characterisation of the final 
electrodes in acetonitrile allowed quantification 
of  the  a m ou n t of  [ N i(P 2 

R N 2 
R′)2] n+  spe ci e s tha t a re  

e l e ct roch e m ica l l y  a ddre ssa b l e  a n d displ a y  a  tw o-
e l e ct ron  w a v e  in  cy cl ic v ol ta m m e try . I n  b rie f , a l l  
te ch n iq u e s prov ide  ty pica l  site  de n sitie s (n u m b e r 

of  site s pe r ge om e tric a re a  of  e l e ct rode ) of  
1– 3 ×  10– 9 m ol  cm – 2 w he n  de n se l y  pa ck e d C N T  
e l e ct rode s a re  u se d. T his l oa din g is in cr e a se d b y  
one order of magnitude when carbon microfibres 
a re  u se d a s te m pl a te s to prov ide  the  C N T  e l e ct rode s 
w ith thre e - dim e n sion a l  stru ct u rin g. T his v a l u e  
(2 ×  10– 8 m ol  cm – 2) w a s u se d to de te rm in e  S D  a n d 
site  l oa din g (S L ) da ta  in  T a b l e  I I I  (53). 
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T he  e l e ct roca ta l y tic a ct iv ity  of  a l l  the se  
materials was first assessed in 0.5 M sulfuric acid 
a q u e ou s sol u tion  in  a  n itroge n  or H 2 a tm osphe re  
prov ide d f rom  the  b a ck  of  the  porou s su b stra te  
in half-cell configuration (floating electrode 
te ch n iq u e , F i g u r e  1 4 ). I n  som e  c a se s, the  
[ N i(P 2 

R N 2 
R′)2] n+ - c oa te d e l e ct rode s w e re  co a te d 

with a Nafion membrane to form a stable, pgm-
f re e , a ir- re sista n t M E A . U n de r su ch  co n dition s, 
re v e rsib l e  e l e ct roca ta l y tic a ct iv ity  f or H + /H 2 

in te rco n v e rsion  w a s ob se rv e d (F i g u r e  1 4 ) (94 ). 
H y droge n  is e v ol v e d a t pote n tia l s j u st sl ightl y  
n e ga tiv e  co m pa re d to the  the rm ody n a m ic 
e q u il ib riu m  (n o ov e rpote n tia l  re q u ire d) a n d 
a n odic cu rre n t de n sity  co rre spon din g to hy droge n  
ox ida tion  is m e a su re d f or pote n tia l s positiv e  to the  
the rm ody n a m ic e q u il ib riu m  u n de r H 2 su ppl y . 
P e rf orm a n ce  w a s a sse sse d f or G D L /M W C N T / 

C y N 2[ N i(P 2
E ste r)] 2+  (M W C N T  =  m u l ti- w a l l e d ca rb on  

nanotube) in a half-cell floating electrode set-

u p a t ca. 15 m A  cm – 2 (7 .5 A  m gN i 
– 1) a t room  

te m pe ra tu re  a n d 0.3 V  vs. R H E , a n d ca. 4 0 m A  cm – 2 

(> 20 A  m gN i 
– 1) a t 85° C , a  te ch n ol ogica l l y  re l e v a n t 

ope ra tin g te m pe ra tu re , a n d 0.3 V  vs. R H E  (53). 
T his ca ta l y tic pe rf orm a n ce  a pproa ch e s tha t 
of  a  P t n a n opa rticl e - b a se d e l e ct rode  (T a n a k a , 
0.05 m gP t cm – 2) b e n ch m a rk e d u n de r ide n tica l  
co n dition s. P roton  re du ct ion  ca ta l y sis a t room  
te m pe ra tu re  re a ch e s a t 100 m V  ov e rpote n tia l  
a  cu rre n t de n sity  of  7  m A  cm – 2 a t 25° C , a n d 
38 m A  cm – 2 a t 85° C  (F i g u r e  1 4 ) (53). S om e  of  the se  
e l e ct rode  m a te ria l s f u rthe rm ore  prov e d q u ite  sta b l e  
w ith u n ch a n ge d ca ta l y tic re spon se  ov e r 10 hou rs 
of  co n tin u ou s ope ra tion . T he  H 2 ox ida tion  c u rre n t 

py re n e )2]m e a su re d on  G D L /M W C N T /[ N i(P 2 
R N 2

e l e ct rode s w a s f ou n d sta b l e  in  the  pre se n ce  of  
50 ppm  C O , a  f e a tu re  l ik e l y  sha re d b y  co v a l e n tl y  
im m ob il ise d N iP R  

2 spe ci e s (93). R e sista n ce  to C O  
poison in g is thu s a n othe r a dv a n ta ge  of  this se rie s 
of  ca ta l y sts ov e r P t n a n opa rticl e s, the  su rf a ce  of  
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F ig. 14 . L in e a r sw e e p v ol ta m m ogra m s re c orde d 
C y N 2 

E ste r)]in  0.5 M  H 2S O 4  f or a  G D L /M W C N T - [ N i(P 2
M E A  in  a  hy droge n  a tm osphe re  a t dif f e re n t 
te m pe ra tu re s: (a ) a da pte d f rom  (53) w ith 
pe rm ission  of  the  R oy a l  S oc ie ty  of  C he m istry ;  (b ) 
T a f e l  pl ot of  the  sa m e  c a ta l y st (b l a c k ) c om pa re d 
to a  c om m e rc ia l  P t e l e c trode  (0.05 m gP t c m – 2) 
(re d) a t 25° C  (da she d tra c e ) a n d 85° C  (sol id 
tra c e ) in  0.5 M  H 2S O 4  (a da pte d f rom  (53) w ith 
pe rm ission  of  the  R oy a l  S oc ie ty  of  C he m istry );  

C y N 2
P y re n e )2](c ) c hron oa m pe rom e try  of  N i(P 2

(B F 4 )2/M W N T /G D L  (re d) a n d a  c om m e rc ia l  P t 
e l e c trode  (0.5 m gP t c m – 2) (b l a c k ) in  a  50 ppm  C O  
a tm osphe re  (a da pte d f rom  (93) w ith pe rm ission  of  
W il e y ) 
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w hich  is irre v e rsib l y  poison e d w ithin  a  f e w  m in u te s 
u n de r su ch  co n dition s (F i g u r e  1 4 ( c ) ). 
I n  orde r to ga in  stru ct u ra l  in sights re ga rdin g the  

a ct iv e  spe ci e s, X- ra y  a b sorption  spe ct ra  (XA S ) 
a t the  N i e dge  on  G D L /M W C N T - [ N i(P 2 

R N 2
py re n e )2]  

e l e ct rode s w e re  m e a su re d (93). T he  XA S  of  
im m ob il ise d [ N i(P 2 

R N 2
py re n e )2] 2+  spe ci e s a re  q u ite  

sim il a r, a l thou gh n ot ide n tica l , to tha t of  sta n da l on e  
[ N i(P 2 

R N 2 
R′)2] 2+  co m pl e x e s. A s- pre pa re d G D L / 

M W C N T - [ N i(P 2 
R N 2

py re n e )2]  e l e ct rode s a l so co n ta in  
N i(I I ) ion s co ordin a te d to l ight a tom s a ttrib u te d 
to sol v e n t or w a te r m ol e cu l e s, b u t the se  spe ci e s 
a re  w a she d of f  du rin g e l e ct roch e m ica l  e q u il ib ra tion  
in  a q u e ou s e l e ct rol y te s (93). O f  n ote , the  XA S  
re co rde d a t the  N i e dge  a re  f ou n d u n ch a n ge d 
a f te r 1 h of  H 2 e v ol u tion  or H 2 ox ida tion  ca ta l y sis 
in  a q u e ou s H 2S O 4  0.5 M  sol u tion , a tte stin g f or the  
sta b il ity  of  the  gra f te d spe ci e s (93). 
T he se  m a te ria l s w e re  im pl e m e n te d a n d show n  

to b e  ope ra tion a l  in  c om pa c t P E M F C  prototy pe s 
(95, 93). A n  e a rl y  f u l l y  ope ra tion a l  P t- f re e  P E M F C  
w a s de v e l ope d w ith M W C N T - [ N i(P 2 

P hN 2
P y re n e )2] 2+  a t 

the  a n ode , a n d a  C o- N - C  O R R  c a ta l y st (98, 99) a t 
the  c a thode  (93). A n  ou tpu t pow e r of  23 µ W  c m – 2 

w a s ob ta in e d (F i g u r e  1 5 ). M ore  re c e n tl y , the  
m a x im u m  pow e r of  a  f u e l  c e l l  in te gra tin g a  
S W N T - [ N i(P 2

C y N 2
A rg)2] 7 +  (S W N T  =  sin gl e - w a l l e d 

n a n otu b e ) a n ode  c a ta l y st w a s m e a su re d j u st 
b e l ow  2 m W  c m 2 (95). I n  tha t c a se , the  l im itin g 
c om pon e n t is how e v e r a  b ioc a thode  b a se d on  
b il iru b in  ox ida se  im m ob il ise d on  C N T s. R e pl a c in g 
this b ioc a thode  b y  a  P t- b a se d c a thode  y ie l de d a  
S W N T - [ N i(P 2

C y N 2
A rg)2] 7 + - P t/C  P E M F C  w ith a  pow e r 

ou tpu t of  14  m W  c m – 2 a t 0.4 7  V  a n d 60° C , on l y  
se v e n  tim e s l ow e r tha n  a  f u l l - P t P E M F C  sim il a rl y  
b u il t a n d ope ra te d u n de r the  sa m e  c on dition s (95). 

4 .  C o n c l u s i o n s  

M a j or b re a k throu ghs ha v e  b e e n  a c hie v e d ov e r the  
l a st de c a de  in  the  de sign  of  c a ta l y sts b a se d on  
E a rth- a b u n da n t m e ta l s f or c a ta l y sin g the  O R R  or 
H O R , tha t a re  c om pa tib l e  w ith P E M F C  te c hn ol ogy  
a n d ope ra te  w ith ov e rpote n tia l  re q u ire m e n ts 
sim il a r to those  of  c on v e n tion a l  P t c a ta l y sts. T he se  
c a ta l y sts a re  a l so m ore  se l e c tiv e  a n d the re f ore  l e ss 
se n sitiv e  to poison in g, a  m a j or a sse t f or w orl dw ide  
in trodu c tion  of  P E M F C  te c hn ol ogy  if  su c h in n ov a tiv e  
c a ta l y sts c a n  b e  im pl e m e n te d in  f u l l  de v ic e s w hil e  
retaining other key specifications, i.e. power 
pe rf orm a n c e  a n d du ra b il ity . S til l , progre ss ha s to b e  
m a de  in  tw o dire c tion s. F irst, the  e l e c troc he m ic a l  
a c tiv itie s of  su c h c a ta l y sts a re  stil l  l ow e r tha n  those  
of  optim ise d P t- b a se d c a ta l y sts. C l osin g the  ga p 
c a n  b e  pu rsu e d b y  in c re a sin g the  site  de n sity  or the  
tu rn ov e r f re q u e n c y  of  the  a c tiv e  site s, b oth f or O R R  
a n d H O R  n ob l e  m e ta l - f re e  c a ta l y sts. A ddition a l l y , 
specific optimisation of the catalyst layer structures 
f or su c h c a ta l y sts c ou l d he l p prom otin g the  pow e r 
de n sity  re a c he d f or pgm - f re e  H 2/a ir P E M F C s 
throu gh a  b e tte r c on trol  of  proton s a n d su b stra te / 
produ c t dif f u sion  toge the r w ith a v oida n c e  of  
flooding. The other direction, in which it is urgent 
to in v e st, is the  sta b il ity  of  the  c a ta l y st m a te ria l s 
du rin g re pre se n ta tiv e  driv e  c y c l e s. 

F ig. 15. S c he m a tic  re pre se n ta tion  of  the  P E M F C  a sse m b l y  f rom  (93);  the  in se t show s pol a risa tion  a n d 
power density curves recorded at 60°C with supply of partially humidified H2 (20 m l  m in – 1) a t the  a n ode  a n d 
pa ssiv e  a ir c on v e c tion  a t the  c a thode . A da pte d f rom  (93) w ith pe rm ission  of  W il e y  
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