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A B S T R A C T  T his  st u  y i ntr o  u c es a  p h ot or e a cti v e  s yst e m t h at 
i nt e gr at es t h e c a pt ur e  of   il ut e  C O 2  str e a ms wit h  t h eir c at al yti c  
c o n v ersi o n  t o s y nt h eti c n at ur al  g as  ( C H 4 ),  utilizi n g  a  R u  n a n o p arti cl e  
( N P )-  o p e   Ti O 2  c o m p osit e  l o a  e   wit h  li n e ar p ol y et h yl e ni mi n e  ( L-
P EI )  a n   e n h a n c e   wit h  pl as m o ni c  tit a ni u m nitri  e  ( Ti N ).  T his  li g ht-
 ri v e n  a p pr o a c h  miti g at es  c h all e n g es  t h at h a v e  pl a g u e   tr a  iti o n al 
t h er m al r e a cti v e c ar b o n  c a pt ur e  ( R C C )  m et h o  s,  s u c h as  C O 2  sli p 
a n   a mi n e   e gr a  ati o n.  W e   e m o nstr at e  t h at L- P EI  e n a bl es  st a bl e 
C O 2  c a pt ur e  a n   c o n v ersi o n,  a c hi e vi n g  ∼ 7 0 %  c o n v ersi o n  of  c a pt ur e   
C O 2  t o C H 4  a cr oss  m ulti pl e  r e a cti o n c y cl es  usi n g  n o n f a m m a bl e  
f or mi n g g as  ( ∼ 5 %  H 2 )  as  t h e r e  u ct a nt. I n c o ntr ast,  br a n c h e   P EI  ( B- P EI )-l o a  e   c o m p osit es  e x hi bit e   si g ni f c a nt c at al yst  
 e a cti v ati o n  aft er  s e v er al R C C  c y cl es.  S c a n ni n g  tr a ns missi o n el e ctr o n  mi cr os c o p y  ( S T E M )  i m a gi n g c o n fr ms  t h at si g ni f c a nt 
si nt eri n g of  t h e R u  N Ps  o c c ur  i n t h e B- P EI  s a m pl e u n  er  R C C  c o n  iti o ns,  w h er e as  t h eir siz e r e m ai ns st a bl e i n m or e  ri gi   L- P EI  
c o m p osit es.  T e c h n o e c o n o mi c  a n al ysis  ( T E A )  esti m at es  t h at C H 4  pr o  u cti o n  usi n g  t his s yst e m c o ul   c ost  l ess t h a n $ 5 / k g  b as e   o n  
c urr e nt  el e ctr o c at al yti c  H 2  pri c es.  T h es e  r es ults r e pr es e nt o n e  of  t h e m ost  pr o misi n g   e m o nstr ati o ns  of  a mi n e- b as e   R C C  
e m pl o yi n g   il ut e  C O 2  s o ur c es t o  at e.  

K E Y W O R D S  P h ot ore  cti ve  c  r b o n c  pt ure, Met h  ne  pr o d ucti o n,  Ti O 2 - b  se d p h ot oc  t  lysis,  A mi ne-f u ncti o n  li ze d  s or be nts, 
Pl  s m o n-e n h  nce d  c  t  lysis 

W hil e  t h e  ri v e  t o  e v el o p  m or e  e f ci e nt  c ar b o n  c a pt ur e  
t e c h n ol o gi es h as  b olst er e   t h e e n vir o n m e nt al  p oli c y  

o bj e cti v es  of  m a n y  n ati o ns, 1  a n  oft e n- o v erl o o k e   as p e ct  of  
t h es e t e c h n ol o gi es is t h eir p ot e nti al  t o cr e at e  n e w  e c o n o mi c  
o p p ort u niti es.  I n  e e  , t h er e is gr o wi n g  i nt er est i n m ar k et-
 ri v e n  c o n c e pts  t h at utiliz e  c a pt ur e   C O 2  t o pr o  u c e  v al u e-
a   e   c h e mi c als  a n   f u el pr e c urs ors. 2  A m o n g  t h es e c o n c e pts,  
r e a cti v e c ar b o n  c a pt ur e  ( R C C ) � w hi c h  i nt e gr at es s or b e nt-
b as e   C O 2  c a pt ur e  a n   c at al yti c  c o n v ersi o n  wit hi n  a  si n gl e 
c o m p osit e  m at eri al  a n   st e p� is a  pr o misi n g  a p pr o a c h  t o 
e n a bl e  pr o c ess  i nt e nsi f c ati o n a n   s u bs e q u e nt c ost  r e  u cti o n of  
C O 2  c o n v ersi o n  pr o c ess es. 3  

C ert ai n  c ar b o n  c a pt ur e  t e c h n ol o gi es h a v e  r e a c h e   t h e pil ot  
or  pr e c o m m er ci al  st a g e.4  H o w e v er,  R C C  r es e ar c h r e m ai ns 
l ar g el y c o n f n e   t o t h e l a b-s c al e. R e c e nt  p ers p e cti v es  hi g hli g ht  
t h e o p p ort u niti es  a n   c h all e n g es  i n t his e m er gi n g  f el  ,  
f o c usi n g o n   i v ers e  s or b e nt / c at al yst c o m bi n ati o ns  a n   
r e g e n er ati o n t e c h ni q u es t h at c a n  i m pr o v e t e c h n o e c o n o mi c 
ass ess m e nts. 5 ,6  M ost  t h er m al R C C  s yst e ms usi n g  a mi n es  ar e  
 esi g n e   f or li q ui  - p h as e p oi nt-s o ur c e  C O 2  c a pt ur e  pr o c ess es,  
e m pl o yi n g  h o m o- or  h et er o g e n e o us  m et al  c at al ysts  a n   r el yi n g 
o n  pr ess uriz e   H 2  s wi n gs (t y pi c all y  o v er  3 0  b ar )  t o  ri v e  C O 2  

r e  u cti o n.5  H o w e v er,  s c ali n g R C C  c ost- e f e cti v el y  r e m ai ns 

c h all e n gi n g   u e  t o mis m at c h es  b et w e e n  C O 2  c a pt ur e  a n   
c o n v ersi o n  r at es, a mi n e  st a bilit y u n  er  c at al yti c  c o n  iti o ns,  
c at al yst  p assi v ati o n   uri n g  r e al- w orl   o p er ati o ns,  a n   e n er g y  
i nt e nsi v e t e m p er at ur e, m oist ur e,  or  pr ess ur e  s wi n gs.6  

I n c o ntr ast  t o p oi nt-s o ur c e  c a pt ur e,  a  a pti n g  R C C  pr o c ess es  
f or  il ut e  C O 2  s o ur c es a n   n e g ati v e  e missi o n  t e c h n ol o gi es h as  
pr o v e n  p arti c ul arl y  c h all e n gi n g   u e  t o t h e a   iti o n al  
c o nstr ai nts  s p e ci f c t o t h os e s yst e ms. E f ci e ntl y  r e m o vi n g 
C O 2  wit h   ir e ct  air  c a pt ur e  ( D A C )  r e q uir es m u c h  l ar g er 
v ol u m es  of  air  t o c o nt a ct  t h e s or b e nt t h a n m a n y  tr a  iti o n al 
li q ui  - p h as e s yst e ms c a n  m a n a g e.  7  I n a mi n e- b as e   D A C,  t his 
r e q uir es usi n g  t et h er e   s m all m ol e c ul e  a mi n es  or  n o n v ol atil e  
p ol y m eri c  a mi n es  l o a  e   o n  hi g h  s urf a c e ar e a  s oli  -st at e 
s u p p orts,8  w hi c h  c a n  c o m pli c at e  R C C  i nt e gr ati o n si n c e t h e 
c a pt ur e   C O 2  m a y  n ot  att ai n  t h e s a m e i nti m at e c o nt a ct  wit h  
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t h e c at al yst  t h at it c o ul   i n a  li q ui  - p h as e s yst e m. A   iti o n all y,  
m ost  a mi n es  r el e as e C O 2  b el o w  1 0 0  ° C, 9  f ar b el o w  t h e 
t e m p er at ur es n e e  e   f or e f ci e nt  c at al yti c  r e  u cti o n� t y pi c all y 
o v er  2 0 0  ° C  f or m et h a n ati o n  a n   w ell  a b o v e  3 0 0  ° C  f or t h e 
r e v ers e w at er − g as  s hift.1 0  As  a  r es ult, C O 2   es or bs  fr o m t h e 
s or b e nt l o n g b ef or e  t h e n e c ess ar y  c at al yti c  t e m p er at ur es ar e  
r e a c h e   i n t y pi c al t h er m al s wi n g s yst e ms, a  p h e n o m e n o n  
k n o w n  as  ″ C O 2  sli p″ . 9 ,1 1  F urt h er,  a mi n e  s or b e nts  e gr a  e  
r a pi  l y at  t h e hi g h  t e m p er at ur es r e q uir e   f or t h es e c at al yti c  
r e a cti o ns, f urt h er li miti n g t h e a p pr o a c h’s  vi a bilit y. 1 2  F or  t h es e 
r e as o ns, i m pl e m e nti n g t h er m al R C C  i n a mi n e- b as e   D A C  
s yst e ms r e m ai ns l ar g el y i m pr a cti c al. 

P h ot o c at al ysis  h as  e m er g e   as  a  pr o misi n g  str at e g y t o 
a   r ess  t h es e c h all e n g es.  P h ot o e x cit e   el e ctr o ns  a n   h ol es  c a n  
si g ni f c a ntl y l o w er t h e a cti v ati o n  e n er gi es  f or c ert ai n  C O 2  

r e  u cti o n r e a cti o ns.1 3  Wit h  t h e ri g ht c at al yst,  li g ht e n er g y  
c a n  i n pri n ci pl e   ri v e  t h es e r e a cti o ns at  m u c h  l o w er b ul k  
t e m p er at ur es t h a n tr a  iti o n al t h er m al pr o c ess es,  p ot e nti all y  
r e  u ci n g C O 2  sli p a n   miti g ati n g  t h e t h er m al  e gr a  ati o n  of  
a mi n e  s or b e nts. M or e o v er,  p h ot o c at al yti c  pr o c ess es  ar e  hi g hl y  
c o m p ati bl e  wit h  r e n e w a bl e a n   i nt er mitt e nt el e ctri cit y  s o ur c es, 
m a ki n g  t h e m i  e al f or s m all, m o  ul ar   e pl o y m e nts.  T his  
f e xi bilit y  m a k es  p h ot o c at al ysis  p arti c ul arl y  s uit e   f or r e m ot e 
l o c ati o ns w h er e  l ar g e-s c al e i nfr astr u ct ur e or  w ast e  i n  ustri al 
h e at  r e q uir e   f or m a n y  st at e- of-t h e- art c a pt ur e  s yst e ms is 
u n a v ail a bl e.  

N u m er o us  p h ot o c at al ysts  h a v e  b e e n  e x pl or e   f or t h e 
r e  u cti o n of  C O 2  i nt o s y nt h eti c  f u els a n   c h e mi c al  
pr e c urs ors. 1 4  Tit a ni u m   i o xi  e  ( Ti O 2 )  is p arti c ul arl y  w ell-
s uit e   f or t his p ur p os e  o wi n g  t o its  u al  r ol e as  a  k n o w n  
p h ot o c at al yst 1 5  a n   a  hi g h-s urf a c e- ar e a  m es o p or o us  s u p p ort 
c o m m o nl y  us e   i n D A C  a p pli c ati o ns. 1 6  F or  e x a m pl e,  
r ut h e ni u m ( R u )  l o a  e   o n  Ti O 2  h as  l o n g b e e n  r e c o g niz e   
f or its a bilit y  t o c at al yz e  p h ot o m et h a n ati o n  u n  er  mil  er  
c o n  iti o ns  c o m p ar e   t o t h er m al pr o c ess es. 1 7  I n t h e  e c a  es  
si n c e t his  is c o v er y,  v ari ati o ns  i n t h e s u p p ort m at eri al  a n   t h eir 
i n f u e n c e o n  c at al yti c  m e c h a nis ms  h a v e  b e e n  e xt e nsi v el y  
i n v esti g at e  .1 8 − 2 0  T h e  i n c or p or ati o n of  e f ci e nt  visi bl e  li g ht 
a bs or b ers  s u c h as  tit a ni u m nitri  e  ( Ti N )  h as  f urt h er e n h a n c e   
p h ot o c at al yti c  m et h a n ati o n,  wit h  Ti N’s  pl as m o ni c  pr o p erti es  
si g ni f c a ntl y i m pr o vi n g li g ht a bs or pti o n  a n    ri vi n g  C O 2  

r e  u cti o n u n  er  visi bl e  li g ht.2 1  

R e c e nt  a  v a n c e m e nts  h a v e   e m o nstr at e   t h at t et h eri n g 
s m all m ol e c ul e  a mi n es  t o Ti O 2  c a n  cr e at e  a   u al-f u n cti o n  
p h ot o c at al yti c  s yst e m c a p a bl e  of  b ot h  c a pt uri n g  a n   r e  u ci n g 
C O 2 . 

2 2  B uil  i n g  o n  all  t h es e i n n o v ati o ns, t his st u  y e x pl or es  
s e v er al a mi n e- b as e   p h ot o- R C C  s yst e ms, al o n g  wit h   il ut e  
C O 2  s o ur c es a n   n o n f a m m a bl e  f or mi n g g as  ( 5 %  H 2 ),  t o 
g e n er at e  s y nt h eti c n at ur al  g as  ( C H 4 ).  O p er ati n g  at  a m bi e nt  
pr ess ur e  a n   t e m p er at ur e, t his a p pr o a c h  e n a bl es  r e a cti v e 
c a pt ur e  a n   c o n v ersi o n  of   il ut e  C O 2  str e a ms, o f eri n g  a  
s c al a bl e a n    istri b ut e   s ol uti o n f or C O 2  utiliz ati o n  wit hi n  
r e n e w a bl e e n er g y  fr a m e w or ks. 

O ur  m at eri als  pr e p ar ati o n  a n   a cti v ati o n  pr o c e  ur es  ar e  
 et ail e   i n t h e S u p p orti n g  I nf or m ati o n ( SI ),  al o n g  wit h  b asi c  
c h ar a ct eri z ati o n  i n cl u  i n g X-r a y   i fr a cti o n,  nitr o g e n  is o-
t h er ms, t h er m o gr a vi m etri c a n al ysis,   i f us e  r e f e ct a n c e I R, 
a n    i f us e  r e f e ct a n c e m e as ur e m e nts  wit h  a  U V − vis  
s p e ctr o m et er ( Fi g ur es  S 1 − S 5 ).  Bri e f y,  w e  frst  s y nt h esiz e   a  
Ti O 2  c at al yst  l o a  e   wit h  5  wt  %  R u  n a n o p arti cl es  ( N Ps ),  wit h  
a n   wit h o ut  a n  a   iti o n al  5  wt  %  Ti N.  I niti al p h ot o-
m et h a n ati o n  e x p eri m e nts  usi n g  t h es e c at al yti c  m at eri als  
( Fi g ur e  1 )  w er e  c o n  u ct e   u n  er  st e a  y-st at e c o n  iti o ns  ( 1 0  

s c c m of  2 0 0 0  p p m  of  C O 2 , 4 %  H 2 , b al a n c e  N 2 ).  R es ults  
i n  i c at e t h at Ti N  si g ni f c a ntl y l o w ers t h e irr a  i a n c e r e q uir e   t o 
i niti at e p h ot o m et h a n ati o n  r el ati v e t o t h e s a m pl e wit h  o nl y  R u  
( w e  f urt h er n ot e  t h at i n t h e a bs e n c e  of  R u,  n o  m et h a n ati o n  
w as  o bs er v e  ).  F or  e x a m pl e,  i n t h e pr es e n c e  of  Ti N,  > 5 0 %  
c o n v ersi o n  of  C O 2  t o C H 4  is a c hi e v e   wit h  a  gr e e n  L E D  at  a n  
irr a  i a n c e of  0. 8  W / c m 2  ( 3 0 %  of  t h e L E D’s  m a xi m u m  
i nt e nsit y ), a  yi el   u n att ai n a bl e  e v e n  at  2. 6  W / c m 2  ( 1 0 0 %  
i nt e nsit y ) wit h o ut  Ti N.  T h e  gr e e n  L E D  w as  c h os e n  b e c a us e  its 
e missi o n  s p e ctr a o v erl a p p e   w ell  wit h  t h e br o a   a bs or pti o n  
f e at ur e of  t h e c o m p osit es  o bs er v e   i n t h e  i f us e  r e f e ct a n c e 
m e as ur e m e nts  ( Fi g ur es  S 5  a n   S 6 ).  A  t h er m al i m a gi n g c a m er a  
w as  us e   t o m o nit or  b ul k  s a m pl e t e m p er at ur e as  a  f u n cti o n of  
irr a  i a n c e ( Fi g ur es  S 9  a n   S 1 0 ),  r e v e ali n g t h at at  2. 0  W / c m 2  , 
t h e s a m pl e h e at e   t o ∼ 2 0 0  ° C,  t h e u p p er  t h er m al st a bilit y li mit 
f or m ost  a mi n e  s yst e ms.2 3  I n s u bs e q u e nt r e a cti o ns, w e  k e pt  t h e 
irr a  i a n c e b el o w  t his i nt e nsit y. 

T o  e v al u at e  p h ot o- R C C  p erf or m a n c e  i n a n  a ct u al  c a pt ur e  
s yst e m, w e  s y nt h esiz e   t w o a mi n o p ol y m er- b as e   c o m p osit es  
e m pl o yi n g  R u / Ti N / Ti O 2 , o n e  l o a  e   n o mi n all y  wit h  1 0  wt  %  
br a n c h e   p ol y et h yl e ni mi n e  ( B- P EI ),  a n   t h e ot h er  wit h  1 0  wt  
%  li n e ar p ol y et h yl e ni mi n e  ( L- P EI )  (s e e  SI  f or s y nt h esis a n   
c h ar a ct eri z ati o n   et ails ).  W e  esti m at e   t h e pr a cti c al  C O 2  

w or ki n g  c a p a citi es  of  t h es e c o m p osit es  u n  er  D A C-r el e v a nt  
c o n  iti o ns  b y  m e as uri n g  t h e a m o u nt  of  C O 2  p h ot o  es or b e   
 uri n g  1 0  mi n  of  ill u mi n ati o n, f oll o wi n g a  3 0  mi n  a  s or pti o n  
p eri o   i n a  str e a m of  4 0 0  p p m  of  C O 2  i n N 2  wit h  1 0 %  r el ati v e 
h u mi  it y  ( R H ).  U n  er  t h es e c o n  iti o ns,  t h e B- P EI  c o m p osit e  
e x hi bit e   a  m o  est  ∼ 0. 9  m m ol  C O 2   es or b e  / g  P EI,  w hil e  t h e 
L- P EI  c o m p osit e  e x hi bit e   a  si mil ar w or ki n g  c a p a cit y  of  ∼ 0. 7  
m m ol  C O 2   es or b e  / g  P EI.  T h es e  v al u es  ar e  c o nsist e nt  wit h  
pr e vi o us  r e p orts o n  c o m p osit es  wit h  l o w w ei g ht  fr a cti o ns of  
a mi n o p ol y m er  l o a  i n gs.2 4 ,2 5  T h os e  r e p orts f urt h er s u g g est t h at 
w or ki n g  c a p a citi es  c a n  b e  i n cr e as e   m or e  t h a n 3-f ol   wit h  
o pti miz ati o n  of  s urf a c e ar e a,  a mi n o p ol y m er  m ol e c ul ar  w ei g ht,  
a mi n e  l o a  i n g, a n   h u mi  it y.  N ot a bl y,  it is w ell  est a blis h e   
t h at hi g h er  h u mi  it y  l e v els c a n  e n h a n c e  t h e st oi c hi o m etr y of  
a mi n e  c a pt ur e  a n   pl asti ciz e  t h e p ol y m er  m atri x,  t h e l att er 
i m pr o vi n g s or pti o n ki n eti cs. 2 6  F or  t h e p ur p os es  of  t his 
c o m m u ni c ati o n,  w e  c h os e  t o r e p ort b as eli n e  R C C  p erf or m a n c e  

Fi g ur e  1.  St e a  y-st at e  h y  r o c ar b o n  pr o  u cti o n  as  a  f u n cti o n of  li g ht 
i nt e nsit y. C O 2  c o n c e ntr ati o n  (r e   tr a c es ) a n   h y  r o c ar b o n  
pr o  u cti o n  ( bl u e  tr a c es ) ar e  s h o w n as  a  f u n cti o n of  gr e e n  li g ht 
i nt e nsit y, v ari e   fr o m 0. 3  t o 2. 6  W / c m 2  i n 1 0 %  i n cr e m e nts. S oli   a n   
 as h e   li n es r e pr es e nt  at a  f or 5  wt  %  R u  N Ps  o n  Ti O 2 , wit h  a n   
wit h o ut  Ti N,  r es p e cti v el y. T e n  s c c m of  2 0 0 0  p p m  of  C O 2 , 4 %  H 2 , 
b al a n c e  N 2 . 
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v al u es  of  t h es e m at eri als  wit h o ut  f urt h er o pti miz ati o n  of  
c a p a cit y.  

T o  pr e p ar e  t h e R u  c at al ysts  f or R C C,  b ot h  c o m p osit es  w er e  
a cti v at e   i n a  str e a m of  f or mi n g g as  at  1 8 0  ° C  f or 3  h.  P h ot o-
R C C  e x p eri m e nts  w er e  c o n  u ct e   usi n g  t h e B- P EI  c o m p osit e  
u n  er  c o n  iti o ns   esi g n e   t o si m ul at e r e alisti c R C C  o p er ati o n.  
F oll o wi n g  a  1 5  mi n  C O 2  l o a  i n g st e p, a  3 0  mi n  f or mi n g g as  
p ur g e  w as  e m pl o y e   t o r e pli c at e t h e at m os p h eri c  tr a nsiti o n 
n e c ess ar y  f or o x y g e n  r e m o v al i n R C C  s yst e ms o p er ati n g  wit h  
 il ut e  C O 2  str e a ms. Alt h o u g h  t h e 3 0  mi n  p ur g e  is i nt e nti o n all y 
e x c essi v e  a n   r es ults i n s o m e C O 2  sli p, it w as  us e   h er e  t o 
u n a m bi g u o usl y   e m o nstr at e  R C C  a cti vit y.  T his  a p pr o a c h  
e ns ur es  t h at a n y  o bs er v e   m et h a n e  ori gi n at es  fr o m c a pt ur e   
C O 2 , r at h er t h a n fr o m C O 2  c o nti n u o usl y  pr es e nt  i n t h e g as  
str e a m, as  w o ul   b e  t h e c as e  i n a  st e a  y-st at e e x p eri m e nt.  

U n  er  c o m pl et el y  a n h y  r o us  c o n  iti o ns,  n o  m et h a n e  
f or m ati o n w as  o bs er v e  .  T his  r es ult is c o nsist e nt  wit h  t h e 
si g ni f c a nt r e  u cti o n i n C O 2  u pt a k e  u n  er   r y  c o n  iti o ns  
( Fi g ur e  S 1 3 ).  I n t h e a bs e n c e  of  h u mi  it y,  t h e B- P EI  c o m p osit e  
e x hi bits  o nl y  a  2-f ol   i n cr e as e i n C O 2  u pt a k e  r el ati v e t o t h e 
b ar e  Ti O 2  s u p p ort. I n c o ntr ast,  u n  er  h u mi   c o n  iti o ns,  w h er e  
t h e p ol y m er  is m or e  pl asti ciz e  ,  C O 2  u pt a k e  i n cr e as es b y  m or e  
t h a n 5 0-f ol  .  W h e n  t h e s yst e m w as  o p er at e   at  1 0 %  R H  u n  er  
R C C  c o n  iti o ns,  m et h a n e  pr o  u cti o n  b e c a m e   et e ct a bl e.  
H o w e v er,  i n e x p eri m e nts  usi n g  a  4 0 0  p p m  of  C O 2  str e a m, 
t h e m et h a n e  si g n al h o v er e   n e ar  t h e  et e cti o n  t hr es h ol   of  o ur  
i nstr u m e nt ati o n, li miti n g t h e a c c ur a c y  a n   r eli a bilit y of  t h e 
m e as ur e m e nts.  T o  i m pr o v e si g n al f  elit y  a n   c o n f  e n c e  i n 
o ur  r es ults, t h e C O 2  c o n c e ntr ati o n  w as  i n cr e as e   t o 2 0 0 0  p p m,  
w hi c h  s u bst a nti all y e n h a n c e   t h e r eli a bilit y of  m et h a n e  
 et e cti o n.  As  a  r es ult, t his c o n c e ntr ati o n  w as  us e   i n all  
s u bs e q u e nt R C C  e x p eri m e nts.  

I n t h e frst  p h ot o- R C C  c y cl e  wit h  t h e B- P EI  c o m p osit e,  
∼ 5 5 %  of  t h e  es or b e   c ar b o n  w as   et e ct e   as  m et h a n e,  wit h  
t h e r e m ai ni n g ∼ 4 5 %  r el e as e   as  u nr e a ct e   C O 2 . O v er  t h e 
c o urs e  of  j ust f v e  p h ot o- R C C  c y cl es,  h y  r o c ar b o n  pr o  u cti o n  
 e cli n e   b y  a p pr o xi m at el y  7 5 %  ( Fi g ur e  2 a,  b ).  T o  ass ess  t h e 
st a bilit y of  t h e a mi n e  s or b e nt o v er  t h es e c y cl es,  C O 2  

p h ot o  es or pti o n  e x p eri m e nts  i n t h e a bs e n c e  of  f or mi n g g as  
w er e  c o n  u ct e   b ef or e  a n   aft er  t h e f v e  R C C  c y cl es.  T h es e  
t ests r e v e al e   n o  m e as ur a bl e  l oss i n C O 2  c a p a cit y,  i n  i c ati n g 
t h at t h e a mi n e  f u n cti o n alit y r e m ai n e   i nt a ct. I nt er esti n gl y, t h e 
frst  p h ot o- R C C  c y cl e  r el e as e   m or e  t ot al g as  t h a n t h e 
pr e c e  i n g  p h ot o  es or pti o n  e x p eri m e nt,  s u g g esti n g e n h a n c e   
 es or pti o n,  p ossi bl y   u e  t o m oist ur e-  ri v e n  g as  e v ol uti o n.  W e  
n ot e  t h at m oist ur e  pr o  u c e    uri n g  m et h a n ati o n  m a y  
i n f u e n c e b ot h  t h e t h er m o  y n a mi cs a n   ki n eti cs  of  C O 2  

c a pt ur e,  c o nsist e nt  wit h  pri or  st u  i es.2 6  

U n  er  t h e s a m e c o n  iti o ns  si m ul ati n g R C C  as  e m pl o y e   i n 
t h e B- P EI  s yst e m, m et h a n e  pr o  u cti o n  fr o m t h e L- P EI  s yst e m 
pr o v e   t o b e  si g ni f c a ntl y m or e  st a bl e o v er  f v e  p h ot o- R C C  
c y cl es.  M or e  t h a n 7 0 %  of  c a pt ur e   C O 2  w as  s u c c essf ull y 
c o n v ert e   t o m et h a n e  o n  a  gi v e n  c y cl e.  A   iti o n all y,  t h er e w as  
n o  si g ni f c a nt l oss i n C O 2  c a p a cit y  of  t h e a mi n o p ol y m er  
 et e ct e   b et w e e n  p h ot o  es or pti o n  e x p eri m e nts  c o n  u ct e   
b ef or e  a n   aft er  R C C  ( Fi g ur e  2  ).  C o n fr m ati o n  of  c o m pl et e  
s el e cti vit y of  t his r e a cti o n f or m et h a n e  w as  o bt ai n e   t hr o u g h a  
ti m e- of- fi g ht m ass  s p e ctr o m etr y ( T O F- M S )  e x p eri m e nt  
( Fi g ur es  S 1 7  a n   S 1 8 )  usi n g  a  m o  i f e   lit er at ur e m et h o  . 2 7  

W e  a n al yz e   t h e c o m p osit es  wit h  hi g h  a n gl e  a n n ul ar   ar k-
f el   s c a n ni n g tr a ns missi o n el e ctr o n  mi cr os c o p y  ( H A A D F-
S T E M )  a n   el e m e nt al  c o m p ositi o n  m a ps  o bt ai n e   b y  X-r a y  
e n er g y   is p ersi v e  s p e ctr os c o p y ( E D S )  b ef or e  a n   aft er  t h e 
R C C  e x p eri m e nts.  W e  r e c or  e   t h e R u  N P  siz e  istri b uti o n  i n 

Fi g ur e  2.  R el ati v e  C H 4  pr o  u cti o n  vs  C O 2   es or pti o n  i n p h ot o- R C C  a n   p h ot o-  es or pti o n  c y cl es.  ( a,  c )  R a w  LI C O R  a n   E n er a c   at a,  m e as uri n g  
t h e c o n c e ntr ati o n  of  C O 2  a n   C H 4 , r es p e cti v el y, f or f v e  p h ot o- R C C  c y cl es  usi n g  a  B- P EI  c o m p osit e,  R u / Ti N / Ti O 2 / B- P EI  ( a )  a n   L- P EI  
c o m p osit e,  R u / Ti N / Ti O 2 / L- P EI  ( c )  i n f or mi n g g as,  i nt ers p ers e   b et w e e n  t w o p h ot o  es or pti o n  c y cl es  i n a n  i n ert N 2  e n vir o n m e nt.  ( b,   )  R el ati v e  
a m o u nts  of  C O 2  a n   C H 4   es or b e   fr o m B- P EI  ( b )  a n   L- P EI  c o m p osit es  (  ).  E x p eri m e nt al  c o n  iti o ns:  G as  f o w  1 0  s c c m; C o m p osit e  m ass  1 1  
m g;  A  s or pti o n  st e p 2 0 0 0  p p m  of  C O 2 , 1 0 %  R H,  b al a n c e  N 2  f or 1 5  mi n;  P ur g e  st e p 5 %  R H,  b al a n c e  N 2  f or 3 0  mi n  ( p h ot o  es or pti o n  c y cl es ),  
a   iti o n al  4 %  H 2  ( R C C  c y cl es );  D es or pti o n  st e p 5  mi n  li g ht e x p os ur e.  
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e a c h  c o m p osit e  fr o m i ns p e cti o n of  > 3 0 0  i n  i vi  u al p arti cl es,  
a n al yz e   usi n g  I m a g eJ s oft w ar e ( Fi g ur e  3 ).  W e  n ot e  t h at aft er  
t h e i niti al 1 8 0  ° C  t h er m al a cti v ati o n,  t h e R u  N P  si z e 
 istri b uti o n  i n t h e B- P EI  c o m p osit e  w as  7. 5  ±  2. 9  n m,  w hil e  
t h at of  t h e L- P EI  c o m p osit e  w as  5. 9  ±  2. 3  n m,  s u g g esti n g m or e  
si g ni f c a nt si nt eri n g of  R u  N Ps  h a   alr e a  y  o c c urr e    uri n g  t h e 
t h er m al a cti v ati o n  i n t h e B- P EI  m atri x  t h a n i n t h e m or e  ri gi   
L- P EI.  Aft er  t h e p h ot o- R C C  e x p eri m e nts  ill ustr at e   i n Fi g ur e  
2 , t h e R u  N P  siz e  istri b uti o n  w as  a g ai n  m e as ur e  .  R u  N Ps  i n 
t h e B- P EI  c o m p osit e  h a   gr o w n  sli g htl y t o 8. 1  ±  3. 7  n m,  w hil e  
t h os e i n t h e L- P EI  c o m p osit e  r e m ai n e   st a bl e at  5. 7  ±  2. 5  n m.  
T h e  i n cr e as e   si nt eri n g i n t h e B- P EI  c o m p osit e  is c o nsist e nt  
wit h  w h at  w e  k n o w  a b o ut  p ol y m er  m o bilit y  i n t h es e s yst e ms, 
w h er e  B- P EI  is m or e  f e xi bl e  a n   m o bil e  t h a n L- P EI. 2 8  T his  
e n h a n c e   m o bilit y  is a  pri m ar y  r e as o n w h y  B- P EI  h as  b e e n  t h e 
i n  ustr y st a n  ar   f or a mi n e- b as e   D A C  s yst e ms t h at b e n e ft  
fr o m r a pi   s or pti o n ki n eti cs.  H o w e v er,  o ur  r es ults s u g g est t h at 
m or e  ri gi   L- P EI,   es pit e   is pl a yi n g  sl o w er  es or pti o n  ki n eti cs  
t h at B- P EI  ( Fi g ur e  S 1 1 ),  c o ul   h el p  miti g at e  b ot h  C O 2  sli p 
a n   N P  c at al yst  si nt eri n g i n a mi n e- b as e   R C C  s yst e ms. 

Gi v e n  t h e o bs er v e   c orr el ati o n  b et w e e n  p ol y m er  m atri x  
m o bilit y  a n   R u  n a n o p arti cl e  ( N P )  si nt eri n g, w e  e x pl or e   a n  
alt er n ati v e  s or b e nt ar c hit e ct ur e  usi n g  s m all- m ol e c ul e N
pr o p yl a mi n es  c o v al e ntl y  t et h er e   t o t h e s urf a c e of  Ti O 2  i n a  
R u / Ti N / Ti O 2  c o m p osit e.  W e  h y p ot h esiz e   t h at t his i m m o bi-
li z e   a mi n e  s yst e m w o ul   r e  u c e R u  N P  si nt eri n g b y  
mi ni mizi n g  t h e m o bilit y  of  t h e s or b e nt m atri x.  D et ails  of  t h e 
s y nt h esis, c h ar a ct eriz ati o n,  a n   pr eli mi n ar y  p h ot o  es or pti o n  
a n   p h ot o- R C C   at a  f or t his c o m p osit e  ar e  pr o vi  e   i n t h e 

S u p p orti n g  I nf or m ati o n. I n bri ef,  w hil e  st e a  y-st at e p h ot o-
m et h a n ati o n  c o ul   b e  a c hi e v e   b y  t o g gli n g ill u mi n ati o n i n a  
c o nti n u o us  str e a m of  f or mi n g g as  a n   2 0 0 0  p p m  of  C O 2  

( Fi g ur e  S 1 5 ),  m et h a n e  f or m ati o n w as  n ot  o bs er v e   u n  er  
R C C  c o n  iti o ns,  w h e n  a n  N 2  p ur g e  w as  us e   pri or  t o 
ill u mi n ati o n t o si m ul at e a  r e alisti c r e a cti v e c a pt ur e  pr o c ess.  
Gi v e n  t h at t h e i n c or p or ati o n of  N- pr o p yl a mi n e  i nt o t h e 
c o m p osit e  i n cr e as es C O 2  u pt a k e  r el ati v e t o t h e b ar e  s u p p ort 
( Fi g ur e  S 1 3 ),  w e  attri b ut e  t his l a c k of  a cti vit y  i n p art  t o r a pi   
C O 2  sli p  uri n g  t h e p ur g e  p h as e.  A   iti o n al  e x p eri m e nts  
r e v e al e   t h at t h e t et h er e   a mi n es  als o  r a pi  l y l os e C O 2  

c a p a cit y  u n  er  irr a  i ati o n ( Fi g ur e  S 1 6 ),  s u g g esti n g t h e 
p h ot o c h e mi c al  st a bilit y of  t h e s urf a c e- b o u n   a mi n e  gr o u ps  
m a y  b e  m u c h  l o w er t h a n t h e a mi n o p ol y m er- b as e   s yst e ms. 
D es pit e  e f orts  t o o pti miz e  irr a  i a n c e a n   mi ni miz e  p ur g e  
 ur ati o n,  m et h a n e  f or m ati o n u n  er  t h es e R C C  c o n  iti o ns  
c o ul   n ot  b e  a c hi e v e   wit h  t h e N- pr o p yl a mi n e  c o m p osit e  i n 
o ur  h a n  s.  As  a  r es ult, w e   i   n ot  pri oritiz e  p ostr e a cti o n  
S T E M  i m a gi n g t o ass ess  R u  N P  si nt eri n g, as  t h e s yst e m f ail e   
t o  e m o nstr at e  s u f ci e nt a cti vit y  f or m e a ni n gf ul  c o m p aris o n.  
N e v ert h el ess,  t h e r es ults hi g hli g ht  k e y  tr a  e- o fs i n R C C  
c o m p osit e   esi g n  a n   u n  ers c or e  t h e i n h er e nt c o m pl e xit y  of  
b al a n ci n g  s or pti o n ki n eti cs,  C O 2  r et e nti o n, a n   c at al yst  
st a bilit y wit hi n  a  si n gl e c o m p osit e  m at eri al  s yst e m. 

A n  e arl y  st a g e t e c h n o e c o n o mi c vi a bilit y  ass ess m e nt  w as  
p erf or m e  ,  i nt e n  e   t o e v al u at e  w h et h er  t his i nt e gr at e   
c a pt ur e- c o n v ersi o n  a p pr o a c h  c o ul   e v er  b e  e c o n o mi c all y  
vi a bl e � e v e n  u n  er  o pti mizti c  ass u m pti o ns.  I n t his i niti al 
ass ess m e nt,  w e  i n c or p or at e   u n o pti miz e   e x p eri m e nt al  v al u es  

Fi g ur e  3.  ( a )  H A A D F / S T E M  a n   c orr es p o n  i n g  E D S  m a p pi n g  i m a g es of  R u  ( bl u e ),  Ti  ( gr e e n ),  a n   O  ( y ell o w )  f or a  r e pr es e nt ati v e s a m pl e of  B-
P EI  c o m p osit e  aft er  t h er m al tr e at m e nt of  t h e c at al yst  b ut  b ef or e  R C C.  ( b − e )  R u  N P  siz e  istri b uti o ns  o bt ai n e   fr o m i ns p e cti o n of  > 3 0 0  p arti cl es  
of  t h e L- P EI  a n   B- P EI  c o m p osit es,  b ef or e  a n   aft er  f v e  p h ot o  R C C  c y cl es.  

A C S  A p pli e d  E n er g y  M  t eri  l s  w w w.  c s  e m. or g  L ett er  
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( a) H A A D F/ S T E M  a n d E D S M a p pi n g  I m a g e s of B- P EI C o m p o sit e  B ef or e  R C C 

m 

( b) L P EI I B ef or e  R C C  ( c) L P EI I Aft er  R C C  ( d) B P EI I B ef or e  R C C 

D a v g = 7. 5 4 ± 2. 8 7 n m D a v g = 8. 1 0 ± 3. 7 2 n m 

1 0  1 5 2 0 1 0  1 5  2 0 1 0  1 5  2 0 1 0  1 5  2 0 
P arti d a si z e ( n m) P arti cl e si z e ( n m) P arti cl e si z e ( n m) P arti cl e si z e ( n m) 
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o bt ai n e   fr o m t his st u  y, i n cl u  i n g a  s or b e nt c a p a cit y  of  0. 4  
m m ol / g  a n   7 0 %  c o n v ersi o n  e f ci e n c y  of  c a pt ur e   C O 2  t o 
C H 4 . Ot h er  p ar a m et ers,  s u c h as  t h e el e ctri cit y-t o- m et h a n e  
c o n v ersi o n  e f ci e n c y  of  5 0 %,  w er e   r a w n  fr o m b est- c as e  
lit er at ur e s c e n ari os (s e e  S u p p orti n g  I nf or m ati o n f or f ull 
ass u m pti o ns  a n   r ef er e n c es ) t o ass ess  w h et h er  t h e c o n c e pt  
c o ul   b e  vi a bl e  u n  er  f a v or a bl e c o n  iti o ns.  U n  er  t h es e 
ass u m pti o ns,  t h e esti m at e   m et h a n e  pr o  u cti o n  c ost  is 
∼ $ 5. 1 9 / k g,  a c c o u nti n g  f or i nst all e   c a pit al  c osts,  v ari a bl e  
o p er ati n g  c osts,  a n   s yst e m e f ci e n ci es � all   et ail e   i n t h e 
S u p p orti n g  I nf or m ati o n. T his  c ost  c o ul   b e  f urt h er r e  u c e   t o 
$ 4. 9 8 / k g  b y  ass u mi n g  a n  8 0 %  c o n v ersi o n  e f ci e n c y  a n   a  
s or b e nt c a p a cit y  of  2. 4  m m ol / g,  t h e l att er v al u e   eri v e   fr o m 
o ur  r e c e nt o pti miz e   w or k  o n  a n  a n al o g o us  Ti N / Ti O 2 / B- P EI  
c o m p osit e   e v el o p e   f or p h ot o- D A C  a p pli c ati o ns. 2 9  K e y  
i n p uts i n cl u  e a n  el e ctri cit y  c ost  of  $ 0. 0 6 8 / k W h  a n   a n  
el e ctr ol yti c  h y  r o g e n  c ost  of  $ 4. 5 0 / k g.  Wit h  a c c ess  t o c h e a p er  
el e ctri cit y  of  $ 0. 0 2 / k W h  a n   h y  r o g e n  s o ur c e   at  $ 1 / k g,  t h e 
m et h a n e  pr o  u cti o n  c ost  c a n  b e   e cr e as e   t o $ 1. 3 4 / k g,  wit hi n  
t h e r a n g e of  c urr e nt  r e n e w a bl e n at ur al  g as  pr o  u cti o n  c osts  
( $ 0. 3 − 1. 6 / k g ). 3 0  W hil e  t h es e p ar a m et ers  c a n  all  b e  j usti f e  , 
t h e y will  r e q uir e s c ali n g e f ci e n ci es  t o a c hi e v e.  N e v ert h el ess,  
t h e y  e m o nstr at e  t h e p ot e nti al  e c o n o mi c  vi a bilit y  of  t his 
s yst e m w h e n  i nt e gr at e   wit h  r e n e w a bl e e n er g y  s o ur c es f or 
ni c h e  a p pli c ati o ns  a n   u n  ers c or e  its pr o mis e  as  a  s ust ai n a bl e 
s ol uti o n f or C O 2  utiliz ati o n.  

T h er e  is still m u c h  t o e x pl or e  a n   o pti miz e  i n t his s yst e m. 
Pr eli mi n ar y  f n  i n gs  i n  i c at e t h at t h e R u  c at al yst  c a n  b e  
a cti v at e   i n f or mi n g g as  usi n g  o nl y  a  li g ht s o ur c e, eli mi n ati n g  
t h e n e e   f or s u p pl e m e nt al h e ati n g � a  pr o misi n g  a  v a nt a g e  f or 
pr a cti c al  f el   a p pli c ati o ns.  H o w e v er,  a  c o m pr e h e nsi v e  st u  y is 
n e e  e   t o ass ess  t h e e f e cts  of  h u mi  it y,  t h e i n f u e n c e of  
at m os p h eri c  o x y g e n  o n  c at al yst  st a bilit y /r e g e n er ati o n, a n   t h e 
l o n g-t er m c y cl a bilit y  of  t h es e m at eri als.  A   iti o n all y,  t h e 
r el ati o ns hi p b et w e e n  p ol y m er  str u ct ur e, m o bilit y,  a n   c at al yst  
 ur a bilit y  r e m ai ns a n  o p e n  q u esti o n.  W hil e  f urt h er r e f n e m e nt 
is n e c ess ar y,  t h es e r es ults r e pr es e nt o n e  of  t h e m or e  pr o misi n g  
 e m o nstr ati o ns  of  a n  a mi n e- b as e   c ar b o n  c a pt ur e  s yst e m 
 e v el o p e   f or  il ut e  C O 2  str e a ms i nt e gr at e   wit h  R C C  t o  at e.  

■ A S S O CI A T E D  C O N T E N T  

*sı  S u p p orti n g  I nf or m  ti o n 
T h e  S u p p orti n g  I nf or m ati o n is a v ail a bl e  fr e e of  c h ar g e  at  
htt ps: / / p u bs. a cs. or g /  oi / 1 0. 1 0 2 1 / a cs a e m. 5 c 0 1 5 5 9 . 

D at a  s u p p orti n g t his arti cl e:  all  e x p eri m e nt al  m et h o  s,  
s y nt h eti c pr o c e  ur es,  c h ar a ct eriz ati o n   at a,  a   iti o n al  
c o ntr ol  e x p eri m e nts,  a n   t e c h n o e c o n o mi c a n al ys es  
( P D F )  

■ A U T H O R  I N F O R M A TI O N 

C orr e s p o n di n g  A ut h or  
W a d e  A.   r a u n e c k er  −  N  ti o n  l  Re ne w  ble  E nergy  

L  b or  t ory,  G ol de n,  C ol or  d o  8 0 4 0 1,  U nite d  St  tes;  
or ci  . or g / 0 0 0 0- 0 0 0 3- 0 7 7 3- 9 5 8 0 ; 

E m ail:  W a  e. Br a u n e c k er @ nr el. g o v  

A ut h or s  
S a w y er  H ali n gst a d  −  N  ti o n  l  Re ne w  ble  E nergy  L  b or  t ory,  

G ol de n,  C ol or  d o  8 0 4 0 1,  U nite d  St  tes  
N o e mi  L ei c k  −  N  ti o n  l  Re ne w  ble  E nergy  L  b or  t ory,  

G ol de n,  C ol or  d o  8 0 4 0 1,  U nite d  St  tes;  or ci  . or g / 0 0 0 0-
0 0 0 2- 2 0 1 4- 6 2 6 4  

Z h e  H u a n g  −  N  ti o n  l  Re ne w  ble  E nergy  L  b or  t ory,  G ol de n,  
C ol or  d o  8 0 4 0 1,  U nite d  St  tes  

J a m es M.  Cr a wf or d  −  N  ti o n  l  Re ne w  ble  E nergy  
L  b or  t ory,  G ol de n,  C ol or  d o  8 0 4 0 1,  U nite d  St  tes;  
M o nt  n   St  te  U ni versity,  B o ze m  n,  M o nt  n   5 9 7 1 7,  
U nite d  St  tes;  or ci  . or g / 0 0 0 0- 0 0 0 3- 3 6 1 4- 6 0 5 5  

G er ar d  Mi c h a el  C arr oll  −  N  ti o n  l  Re ne w  ble  E nergy  
L  b or  t ory,  G ol de n,  C ol or  d o  8 0 4 0 1,  U nite d  St  tes;  

or ci  . or g / 0 0 0 0- 0 0 0 3- 0 1 9 5- 8 4 8 3  
G a bri ell e  A.  Kli e gl e  −  N  ti o n  l  Re ne w  ble  E nergy  

L  b or  t ory,  G ol de n,  C ol or  d o  8 0 4 0 1,  U nite d  St  tes;  
or ci  . or g / 0 0 0 0- 0 0 0 1- 5 2 7 5- 8 2 8 4  

J a m es L.  Y o u n g  −  N  ti o n  l  Re ne w  ble  E nergy  L  b or  t ory,  
G ol de n,  C ol or  d o  8 0 4 0 1,  U nite d  St  tes;  or ci  . or g / 0 0 0 0-
0 0 0 1- 7 2 9 1- 0 0 7 9  

Al e x a n d er  J. Hill  −  N  ti o n  l  Re ne w  ble  E nergy  L  b or  t ory,  
G ol de n,  C ol or  d o  8 0 4 0 1,  U nite d  St  tes  

R a n d y  C ortri g ht  −  N  ti o n  l  Re ne w  ble  E nergy  L  b or  t ory,  
G ol de n,  C ol or  d o  8 0 4 0 1,  U nite d  St  tes  

M att h e w  M.  Y u n g  −  N  ti o n  l  Re ne w  ble  E nergy  L  b or  t ory,  
G ol de n,  C ol or  d o  8 0 4 0 1,  U nite d  St  tes  

C o m pl et e  c o nt a ct  i nf or m ati o n is a v ail a bl e  at:  
htt ps: / / p u bs. a cs. or g / 1 0. 1 0 2 1 / a cs a e m. 5 c 0 1 5 5 9  

N ot e s  

T h e  a ut h ors   e cl ar e  n o  c o m p eti n g  f n a n ci al  i nt er est. 

■ A C K N O W L E D G M E N T S  

T his  w or k  w as  a ut h or e   b y  t h e N ati o n al  R e n e w a bl e  E n er g y  
L a b or at or y  ( N R E L ),  o p er at e   b y  Alli a n c e  f or S ust ai n a bl e  
E n er g y,  L L C,  f or t h e U S  D e p art m e nt  of  E n er g y  ( D O E )  u n  er  
c o ntr a ct  n o.  D E- A C 3 6- 0 8 G O 2 8 3 0 8.  D e v el o p m e nt  of  t h e 
p h ot o- R C C  e q ui p m e nt,  i nstr u m e nt ati o n, a n   m et h o  ol o g y  
w er e  s u p p ort e   b y  t h e L a b or at or y  Dir e ct e   R es e ar c h  a n   
D e v el o p m e nt  ( L D R D )  Pr o gr a m  at  N R E L.  M at eri al   e v el o p-
m e nt  a n   c y cli n g  st u  i es w er e  s u p p ort e   b y  t h e U. S.  D O E,  
O f c e  of  S ci e n c e,  B asi c  E n er g y  S ci e n c es,  M at eri als  S ci e n c es  
a n   E n gi n e eri n g  Di visi o n  i n r es p o ns e t o t h e D O E  N ati o n al  
L a b or at or y  A n n o u n c e m e nt  N u m b er  L A B  2 0- 2 3 0 3:  M at eri als  
a n   C h e mi c al  S ci e n c es  R es e ar c h  f or Dir e ct  Air  C a pt ur e  of  
C ar b o n  Di o xi  e.  T h e  vi e ws  e x pr ess e   i n t h e arti cl e   o  n ot  
n e c ess aril y  r e pr es e nt t h e vi e ws  of  t h e D O E  or  t h e U. S.  
G o v er n m e nt.  T h e  U. S.  G o v er n m e nt  r et ai ns a n   t h e p u blis h er,  
b y  a c c e pti n g  t h e arti cl e  f or p u bli c ati o n,  a c k n o wl e  g es  t h at t h e 
U. S.  G o v er n m e nt  r et ai ns a  n o n e x cl usi v e,  p ai  - u p,  irr e v o c a bl e, 
w orl  wi  e  li c e ns e t o p u blis h  or  r e pr o  u c e t h e p u blis h e   f or m 
of  t his w or k,  or  all o w  ot h ers  t o  o  s o, f or U. S.  G o v er n m e nt  
p ur p os es.  D uri n g  t h e pr e p ar ati o n  of  t his w or k  t h e a ut h ors  us e   
C h at G P T  v ersi o n  4. 0  t o assist  i n r e f ni n g t h e gr a m m ar,  
w or  i n g,  a n   str u ct ur e of  t h e p a p er.  Aft er  usi n g  t his t o ol, t h e 
a ut h ors  r e vi e w e   a n   e  it e   t h e c o nt e nt  as  n e e  e   a n   t a k e 
f ull r es p o nsi bilit y f or t h e c o nt e nt  of  t h e p u bli c ati o n.  

■ R E F E R E N C E S  

( 1 )  Y a g m ur  G or e n,  A.;  Er  e mir,  D.;  Di n c er,  I. C o m pr e h e nsi v e  
r e vi e w a n   ass ess m e nt  of  c ar b o n  c a pt uri n g  m et h o  s  a n   t e c h n ol o gi es: 
A n  e n vir o n m e nt al  r es e ar c h. E n vir o n.  Res.  2 0 2 4 , 2 4 0 , 1 1 7 5 0 3.  
( 2 )  G o w  ,  S.  C.;  G a n es h a n,  P.;  Vi g n es w ar a n,  V.  S.;  H oss ai n,  M.  S.;  

K u m ar,  D.;  R aj e n  r a n,  K.;  N g o,  H.  H.;  P u g az h e n  hi,  A.  E c o n o mi c  
p ers p e cti v es  a n   p oli c y  i nsi g hts o n  c ar b o n  c a pt ur e,  st or a g e, a n   
utiliz ati o n  f or s ust ai n a bl e  e v el o p m e nt.  Sci.  T ot  l  E n vir o n.  2 0 2 3 , 8 8 3 , 
1 6 3 6 5 6.  

A C S  A p pli e d  E n er g y  M  t eri  l s  w w w.  c s  e m. or g  L ett er  

htt p s:// d oi. or g/ 1 0. 1 0 2 1/ a c s a e m. 5 c 0 1 5 5 9  
A C S  A p pl.   n er g y  M at er.  2 0 2 5,  8,  1  1 7 9 − 1  1 8 4  

1 3 1 8 3  

-

https://pubs.acs.org/doi/suppl/10.1021/acsaem.5c01559/suppl_file/ae5c01559_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.5c01559/suppl_file/ae5c01559_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c01559?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsaem.5c01559/suppl_file/ae5c01559_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wade+A.+Braunecker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0773-9580
https://orcid.org/0000-0003-0773-9580
mailto:Wade.Braunecker@nrel.gov
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sawyer+Halingstad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Noemi+Leick"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2014-6264
https://orcid.org/0000-0002-2014-6264
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhe+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="James+M.+Crawford"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3614-6055
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gerard+Michael+Carroll"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0195-8483
https://orcid.org/0000-0003-0195-8483
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gabrielle+A.+Kliegle"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5275-8284
https://orcid.org/0000-0001-5275-8284
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="James+L.+Young"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7291-0079
https://orcid.org/0000-0001-7291-0079
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+J.+Hill"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Randy+Cortright"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+M.+Yung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c01559?ref=pdf
https://doi.org/10.1016/j.envres.2023.117503
https://doi.org/10.1016/j.envres.2023.117503
https://doi.org/10.1016/j.envres.2023.117503
https://doi.org/10.1016/j.scitotenv.2023.163656
https://doi.org/10.1016/j.scitotenv.2023.163656
https://doi.org/10.1016/j.scitotenv.2023.163656
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.5c01559?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


( 3 )  D o n g ar e,  S.;  Z e es h a n,  M.;  A y  o g  u,  A.  S.;  Di k ki,  R.;  K urt o gl u-
Ozt ul u m,  S.  F.;  C os k u n,  O.  K.;  M u n oz,  M.;  B a n erj e e,  A.;  G a ut a m,  M.;  
R oss,  R.  D.;  St a nl e y,  J. S.;  Br o w er,  R.  S.;  M u c h h arl a,  B.;  S a c ci,  R.  L.;  
V el áz q u ez,  J. M.;  K u m ar,  B.;  Y a n g,  J. Y.;  H a h n,  C.;  K es ki n,  S.;  
M or al es- G ui o,  C.  G.;  Uz u n,  A.;  S p ur g e o n,  J. M.;  G ur k a n,  B.  R e a cti v e  
c a pt ur e  a n   el e ctr o c h e mi c al  c o n v ersi o n  of  C O 2  wit h  i o ni c li q ui  s a n   
 e e p  e ut e cti c  s ol v e nts. C he m.  S oc.  Re v.  2 0 2 4 , 5 3  ( 1 7 ),  8 5 6 3 − 8 6 3 1.  
( 4 )  N a gir e   i,  S.;  A g ar w al,  J. R.;  V e  a p uri,  D.  C ar b o n  Di o xi  e  

C a pt ur e,  Utiliz ati o n,  a n   S e q u estr ati o n:  C urr e nt  St at us,  C h all e n g es,  
a n   F ut ur e  Pr os p e cts  f or Gl o b al  D e c ar b o niz ati o n.  A C S  E ng.  A u  2 0 2 4 , 
4  ( 1 ),  2 2 − 4 8.  
( 5 )  Si e g el,  R.  E.;  P att a n a y a k,  S.;  B er b e n,  L.  A.  R e a cti v e  C a pt ur e  of  

C O 2:  O p p ort u niti es  a n   C h all e n g es.  A C S  C  t  l.  2 0 2 3 , 1 3  ( 1 ),  7 6 6 −  
7 8 4.  
( 6 )  Fr e y m a n,  M.  C.;  H u a n g,  Z.;  R a vi k u m ar,  D.;  D u oss,  E.  B.;  Li,  Y.;  

B a k er,  S.  E.;  P a n g,  S.  H.;  S c h ai  l e,  J. A.  R e a cti v e  C O 2  c a pt ur e:  A  p at h  
f or w ar   f or pr o c ess  i nt e gr ati o n i n c ar b o n  m a n a g e m e nt.  J o ule 2 0 2 3 , 7  
( 4 ),  6 3 1 − 6 5 1.  
( 7 )  S hi,  X.;  Xi a o,  H.;  Az ar a b a  i,  H.;  S o n g,  J.; W u,  X.;  C h e n,  X.;  

L a c k n er,  K.  S.  S or b e nts  f or t h e Dir e ct  C a pt ur e  of  C O 2  fr o m A m bi e nt  
Air.  A nge w.  C he m.,  I nt. E d.  2 0 2 0 , 5 9  ( 1 8 ),  6 9 8 4 − 7 0 0 6.  
( 8 )  Pri y a  ars hi ni,  P.;  Ri m,  G.;  R os u,  C.;  S o n g,  M.;  J o n es, C.  W.  

Dir e ct  Air  C a pt ur e  of  C O 2  Usi n g  A mi n e / Al u mi n a  S or b e nts  at  C ol   
T e m p er at ur e.  A C S  E n vir o n.  A u  2 0 2 3 , 3  ( 5 ),  2 9 5 − 3 0 7.  
( 9 )  M c N e ar y,  W.  W.;  Ell e br a c ht,  N.  C.;  J u e, M.  L.;  R as m uss e n,  M.  J.; 

Cr a wf or  ,  J. M.;  Y u n g,  M.  M.;  T o,  A.  T.;  P a n g,  S.  H.  A p pli c ati o n  of  
S oli  - S u p p ort e   A mi n es  f or T h er m o c at al yti c  R e a cti v e  C O 2  C a pt ur e.  
A C S  O meg   2 0 2 5 , 1 0  ( 3 ),  2 3 6 4 − 2 3 7 1.  
( 1 0 )  W a n g,  W.;  W a n g,  S.;  M a,  X.;  G o n g,  J. R e c e nt  a  v a n c es  i n 

c at al yti c  h y  r o g e n ati o n  of  c ar b o n   i o xi  e.  C he m.  S oc.  Re v.  2 0 1 1 , 4 0  
( 7 ),  3 7 0 3 − 3 7 2 7.  
( 1 1 )  Cr a wf or  ,  J. M.;  R as m uss e n,  M.  J.; M c N e ar y,  W.  W.;  

H ali n gst a  ,  S.;  H a y  e n,  S.  C.;  D utt a,  N.  S.;  P a n g,  S.  H.;  Y u n g,  M.  
M.  Hi g h  S el e cti vit y  R e a cti v e  C ar b o n  Di o xi  e  C a pt ur e  o v er  Z e olit e  
D u al- F u n cti o n al  M at eri als.  A C S  C  t  l.  2 0 2 4 , 1 4  ( 1 1 ),  8 5 4 1 − 8 5 4 8.  
( 1 2 )  R o c h ell e,  G.  T.  T h er m al   e gr a  ati o n  of  a mi n es  f or C O 2  

c a pt ur e.  C urr.  O pi n.  C he m.  E ng.  2 0 1 2 , 1  ( 2 ),  1 8 3 − 1 9 0.  
( 1 3 )  F a n g,  S.;  R a h a m a n,  M.;  B h arti,  J.; R eis n er,  E.;  R o b ert,  M.;  Ozi n,  

G.  A.;  H u,  Y.  H.  P h ot o c at al yti c  C O 2  r e  u cti o n. N  t.  Re v.  Met h o ds  
Pri mers  2 0 2 3 , 3  ( 1 ),  6 1.  
( 1 4 )  R a n,  J.; J ar o ni e c, M.;  Qi a o,  S.- Z.  C o c at al ysts  i n S e mi c o n  u ct or-

b as e   P h ot o c at al yti c  C O 2  R e  u cti o n:  A c hi e v e m e nts,  C h all e n g es,  a n   
O p p ort u niti es.  A d v.  M  ter.  2 0 1 8 , 3 0  ( 7 ),  1 7 0 4 6 4 9.  
( 1 5 )  Y u a n,  Z.;  Z h u,  X.;  G a o,  X.;  A n,  C.;  W a n g,  Z.;  Z u o,  C.;  

Di o n ysi o u,  D.  D.;  H e,  H.;  Ji a n g, Z.  E n h a n ci n g  p h ot o c at al yti c  C O 2  
r e  u cti o n wit h  Ti O 2- b as e   m at eri als:  Str at e gi es,  m e c h a nis ms,  
c h all e n g es,  a n   p ers p e cti v es.  E n vir o n.  Sci.  Ec otec h n ol.  2 0 2 4 , 2 0 , 
1 0 0 3 6 8.  
( 1 6 )  S a nz- P ér ez,  E.  S.;  M ur  o c k,  C.  R.;  Di  as,  S.  A.;  J o n es, C.  W.  

Dir e ct  C a pt ur e  of  C O 2  fr o m A m bi e nt  Air.  C he m.  Re v.  2 0 1 6 , 1 1 6  ( 1 9 ),  
1 1 8 4 0 − 1 1 8 7 6.  
( 1 7 )  T h a m pi,  K.  R.;  Ki wi,  J.; Gr ätz el,  M.  M et h a n ati o n  a n   p h ot o-

m et h a n ati o n  of  c ar b o n   i o xi  e  at  r o o m t e m p er at ur e a n   at m os p h eri c  
pr ess ur e.  N  t ure  1 9 8 7 , 3 2 7  ( 6 1 2 2 ),  5 0 6 − 5 0 8.  
( 1 8 )  R e villi o  ,  C.;  M c E v o y,  A.  J.; Gr ätz el,  M.  Hi g h  i nt e nsit y 

si m ul at e   s ol ar irr a  i ati o n: eff e ct  o n  t h e ki n eti cs  of  a  m et h a n ati o n  
r e a cti o n. S ol.  E nergy  M  ter.  1 9 9 1 , 2 4  ( 1 ),  5 2 2 − 5 3 7.  
( 1 9 )  O’ Bri e n,  P.  G.;  S a n  h el,  A.;  W o o  ,  T.  E.;  Ali,  F.  M.;  H o c h,  L.  

B.;  P er o vi c,  D.  D.;  Mi ms,  C.  A.;  Ozi n,  G.  A.  P h ot o m et h a n ati o n  of  
G as e o us  C O 2  o v er  R u / Sili c o n  N a n o wir e  C at al ysts  wit h  Visi bl e  a n   
N e ar-I nfr ar e   P h ot o ns.  A d v.  Sci.  2 0 1 4 , 1  ( 1 ),  1 4 0 0 0 0 1.  
( 2 0 )  Gr ot e,  R.;  H a b ets,  R.;  R o hlfs,  J.; S astr e,  F.;  M e ul e n  ij ks,  N.;  X u,  

M.;  V er h eij e n,  M.  A.;  El e n,  K.;  H ar  y,  A.;  V a n  B a el,  M.  K.;   e n  
H art o g,  T.;  B us k e ns,  P.  C oll e cti v e  p h ot ot h er m al  eff e ct  of  Al 2 O 3-
s u p p ort e   s p h er oi  al pl as m o ni c  R u  n a n o p arti cl e  c at al ysts  i n t h e 
s u nli g ht- p o w er e   S a b ati er  r e a cti o n. C he m C  t C he m.  2 0 2 0 , 1 2  ( 2 2 ),  
5 6 1 8 − 5 6 2 2.  
( 2 1 )  M at e o,  D.;  N a v arr o,  J. C.;  K h a n,  I. S.;  R uiz- M arti n ez,  J.; 

G as c o n,  J. Pl as m o ni c  Tit a ni u m  Nitri  e  T u b es  D e c or at e   wit h  R u  

N a n o p arti cl es  as  P h ot o- T h er m al  C at al yst  f or C O 2 M et h a n ati o n.  
M olec ules  2 0 2 2 , 2 7  ( 9 ),  2 7 0 1.  
( 2 2 )  Li a o,  Y.;  C a o,  S.- W.;  Y u a n,  Y.;  G u,  Q.;  Z h a n g,  Z.;  X u e,  C.  

Effi ci e nt  C O 2  C a pt ur e  a n   P h ot or e  u cti o n  b y  A mi n e- F u n cti o n aliz e   
Ti O 2.  C he m. � E ur.  J. 2 0 1 4 , 2 0  ( 3 3 ),  1 0 2 2 0 − 1 0 2 2 2.  
( 2 3 )  J a h a n  ar L as h a ki,  M.;  K hi a vi,  S.;  S a y ari,  A.  St a bilit y  of  a mi n e-

f u n cti o n aliz e   C O 2  a  s or b e nts:  a  m ultif a c et e   p uzzl e.  C he m.  S oc.  Re v.  
2 0 1 9 , 4 8  ( 1 2 ),  3 3 2 0 − 3 4 0 5.  
( 2 4 )  C h ai,  S.- H.;  Li u,  Z.- M.;  H u a n g,  K.;  T a n,  S.;  D ai,  S.  A mi n e  

F u n cti o n aliz ati o n  of  Mi cr osiz e   a n   N a n osiz e   M es o p or o us  C ar b o ns  
f or C ar b o n  Di o xi  e  C a pt ur e.  I n d. E ng.  C he m.  Res.  2 0 1 6 , 5 5  ( 2 7 ),  
7 3 5 5 − 7 3 6 1.  
( 2 5 )  P a n g,  S.  H.;  Li v el y,  R.  P.;  J o n es, C.  W.  O xi  ati v el y- St a bl e  

Li n e ar  P ol y ( pr o p yl e ni mi n e )- C o nt ai ni n g  A  s or b e nts  f or C O 2  C a pt ur e  
fr o m Ultr a  il ut e  Str e a ms.  C he m S us C he m  2 0 1 8 , 1 1  ( 1 5 ),  2 6 2 8 − 2 6 3 7.  
( 2 6 )  R uss ell- P ar ks,  G.  A.;  L ei c k,  N.;  M ar pl e,  M.  A.  T.;  Str a n g e,  N.  

A.;  Tr e w y n,  B.  G.;  P a n g,  S.  H.;  Br a u n e c k er,  W.  A.  F u n  a m e nt al  
I nsi g ht i nt o H u mi   C O 2  U pt a k e  i n Dir e ct  Air  C a pt ur e  N a n o-
c o m p osit es  Usi n g  Fl u or es c e n c e  a n   P ort a bl e  N M R  R el a x o m etr y.  J. 
P hys.  C he m.  C  2 0 2 3 , 1 2 7  ( 3 1 ),  1 5 3 6 3 − 1 5 3 7 4.  
( 2 7 )  Wil  er,  L.  M.;  B al o g u n,  K.;  Kl ei n,  W.  E.;  C h u m bl e,  P.;  Y o u n g,  J. 

L.  Nitr o g e n  R e  u cti o n  T esti n g  wit h  R e al- Ti m e  1 5 N H 3  Yi el   
Q u a ntifi c ati o n  Usi n g  Or bit al  M ultit ur n  Ti m e- of- Fli g ht  M ass  S p e c-
tr o m etr y. A C S  E nergy  Lett.  2 0 2 4 , 9  ( 1 2 ),  5 7 8 0 − 5 7 8 6.  
( 2 8 )  C orr ell,  H.;  L ei c k,  N.;  M o w,  R.  E.;  R uss ell- P ar ks,  G.  A.;  P a n g,  S.  

H.;  G e n n ett,  T.;  Br a u n e c k er,  W.  A.  Fl u or es c e nt  Pr o b e  of  A mi n o-
p ol y m er  M o bilit y  i n B ul k  a n   i n N a n o c o nfi n e   Dir e ct  Air  C O 2  
C a pt ur e  S u p p orts.  J. P hys.  C he m.  C  2 0 2 2 , 1 2 6  ( 2 5 ),  1 0 4 1 9 − 1 0 4 2 8.  
( 2 9 )  L ei c k,  N.;  H ali n gst a  ,  S.;  Cr a wf or  ,  J. M.;  C arr oll,  G.  M.;  Y u n g,  

M.  M.;  C ortri g ht,  R.;  Br a u n e c k er,  W.  A.  P h ot o-s wi n g  C O 2  c a pt ur e  
usi n g  a  br a n c h e   p ol y et h yl e ni mi n e  s or b e nt a n   Ti N  li g ht a bs or b er.  J. 
M  ter.  C he m.  A  2 0 2 5 , n a  D OI:  1 0. 1 0 3 9 / D 5 T A 0 2 8 2 4 H . 
( 3 0 )  P ar k er,  N.;  Willi a ms,  R.;  D o mi n g u ez- F a us,  R.;  S c h eitr u m,  D.  

R e n e w a bl e  n at ur al  g as  i n C alif or ni a:  A n  ass ess m e nt  of  t h e t e c h ni c al 
a n   e c o n o mi c  p ot e nti al.  E nergy  P olicy  2 0 1 7 , 1 1 1 , 2 3 5 − 2 4 5.  

A C S  A p pli e d  E n er g y  M  t eri  l s  w w w.  c s  e m. or g  L ett er  

htt p s:// d oi. or g/ 1 0. 1 0 2 1/ a c s a e m. 5 c 0 1 5 5 9  
A C S  A p pl.   n er g y  M at er.  2 0 2 5,  8,  1  1 7 9 − 1  1 8 4  

1 3 1 8 4  

  
 ̈  ̃

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _. _ 

https://doi.org/10.1039/D4CS00390J
https://doi.org/10.1039/D4CS00390J
https://doi.org/10.1039/D4CS00390J
https://doi.org/10.1021/acsengineeringau.3c00049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsengineeringau.3c00049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsengineeringau.3c00049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.2c05019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.2c05019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.joule.2023.03.013
https://doi.org/10.1016/j.joule.2023.03.013
https://doi.org/10.1002/anie.201906756
https://doi.org/10.1002/anie.201906756
https://doi.org/10.1021/acsenvironau.3c00010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenvironau.3c00010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.4c10049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.4c10049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c1cs15008a
https://doi.org/10.1039/c1cs15008a
https://doi.org/10.1021/acscatal.4c01340?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.4c01340?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.coche.2012.02.004
https://doi.org/10.1016/j.coche.2012.02.004
https://doi.org/10.1038/s43586-023-00243-w
https://doi.org/10.1002/adma.201704649
https://doi.org/10.1002/adma.201704649
https://doi.org/10.1002/adma.201704649
https://doi.org/10.1016/j.ese.2023.100368
https://doi.org/10.1016/j.ese.2023.100368
https://doi.org/10.1016/j.ese.2023.100368
https://doi.org/10.1021/acs.chemrev.6b00173?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/327506a0
https://doi.org/10.1038/327506a0
https://doi.org/10.1038/327506a0
https://doi.org/10.1016/0165-1633(91)90088-3
https://doi.org/10.1016/0165-1633(91)90088-3
https://doi.org/10.1016/0165-1633(91)90088-3
https://doi.org/10.1002/advs.201400001
https://doi.org/10.1002/advs.201400001
https://doi.org/10.1002/advs.201400001
https://doi.org/10.1002/cctc.202000795
https://doi.org/10.1002/cctc.202000795
https://doi.org/10.1002/cctc.202000795
https://doi.org/10.3390/molecules27092701
https://doi.org/10.3390/molecules27092701
https://doi.org/10.1002/chem.201403321
https://doi.org/10.1002/chem.201403321
https://doi.org/10.1039/C8CS00877A
https://doi.org/10.1039/C8CS00877A
https://doi.org/10.1021/acs.iecr.6b00823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.6b00823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.6b00823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cssc.201800438
https://doi.org/10.1002/cssc.201800438
https://doi.org/10.1002/cssc.201800438
https://doi.org/10.1021/acs.jpcc.3c03653?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.3c03653?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.3c03653?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.4c02961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.4c02961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.4c02961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.2c01099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.2c01099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.2c01099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D5TA02824H
https://doi.org/10.1039/D5TA02824H
https://doi.org/10.1039/D5TA02824H?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.enpol.2017.09.034
https://doi.org/10.1016/j.enpol.2017.09.034
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.5c01559?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

	Copy Cover Page.pdf
	Blank Page
	Blank Page




