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COMMUNICATION 

The simultaneous modification in the electronic band structures, layer-stacking geometry 

and crystallinity of carbon nitride polymers enables the liberation of Frenkel exciton 

dissociation and magnification of hot charges yield, which dramatically promotes the 

visible light photocatalytic activities and enriches the carbon nitride family. 
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Optimizing Optical Absorption, Exciton Dissociation, and Charge 

Transfer of a Polymeric Carbon Nitride with Ultrahigh Solar 

Hydrogen Production Activity 

Guigang Zhang,*[a] Guosheng Li,[b] Zhi-An Lan,[b] Lihua Lin,[b] Aleksandr Savateev,[a] Tobias Heil,[a] 

Spiros Zafeiratos,[c] Xinchen Wang*[b] and Markus Antonietti*[a]

Abstract: Polymeric or organic semiconductors are promising 

candidates for photocatalysis, but mostly only show moderate 

activity due to strongly bound excitons and insufficient optical 

absorption. Herein, we report a facile bottom-up strategy to improve 

the activity of a carbon nitride to a level where a majority of photons 

are really used to drive photoredox chemistry. Co-condensation of 

urea and oxamide followed by post-calcination in molten salt is 

shown to result in highly crystalline species with π-π layer stacking 

distance of heptazine units of maximal 0.292 nm, this improving 

lateral charge transport and interlayer exciton dissociation. The 

addition of oxamide decreases the optical band gap from 2.74 to 

2.56 eV, which is shown to enable efficient photochemistry also with 

green light. The apparent quantum yield (AQY) for H2 evolution of 

optimal samples reaches 57 % and 10 % at 420 nm and 525 nm, 

respectively, which is significantly higher than most previous 

experiments. 

Polymeric photocatalysts, e.g. melon-based carbon nitrides (CN), 
with their optical and electronic properties being feasibly tuned 
by controlling the polymerization process, have recently found 
fascinating utilizations for photocatalytic H2 production from 
water.[1-7] To obtain sufficient solar-to-energy efficiency, it calls 
for the fast generation of photo-excited charge carriers, i.e. the 
hot electrons and holes, which are involved in the subsequent 
water splitting redox reactions. However, like most conjugated 
polymers which are normally restricted by the intrinsic strong 
Coulomb interactions of singlet Frenkel excitons, CN also bear 
sluggish exciton dissociation, indicating a high exciton binding 
energy (Eb). This is why bulk CN in most cases only presents 
moderate photoactivities. Plenty of strategies have been 
developed to improve the photocatalytic activity of CN in the 
past few years,[8-17] always progressing to more efficient systems. 

In principle, the layer stacking distance is theoretically 
predicted to dominate the interlayer exciton dissociation and 
thus charge mobility.[18-20] In comparison with graphite, the π-π 
stacking distance in disordered melon is typically a 0.326 nm, 5 % 

tighter than in crystalline graphite. Note that shorter distances in 
chemistry can usually be attributed to additional bonding 
schemes, here presumably intense polarization and/or charge 
transfer (CT) interactions between two layers, i.e. partial plus 
and minus charges on neighboring layers enable tighter packing 
and promote charge and energy transport within the stacks. 
Indeed, the stacking distance was already varied in the range of 
0.1 Å by optimization the preparation process,[21] such as 
elevating the condensation temperature. For instance, when 
increasing the polymerization temperature from 773 K to 823 K, 
slightly decreased stacking distance (from 0.326 to 0.323 nm) 
could be observed.[22] Breakthroughs in the stacking distance 
are expected to revolve around the rational modification of the 
synthetic strategy. Actually, the stacking distance was 
compressed from 0.326 to 0.32 nm by performing the 
polymerization process in molten salt to accelerate the sluggish 
deamination process, resulting in potassium salt formation at the 
same time.[23] Interestingly, the resulting materials turn out to be 
very effective for photocatalytic H2 evolution. This provides a 
sought-for alternative way to improve the polycondensation 
process by “cooking” suitable starting materials in eutectic salt 
mixtures with lower melting point to turn at least parts of a solid 
state condensation process into solution chemistry.  

Beside interlayer exciton splitting, also intralayer processes 
can contribute to better charge handling, mainly by locating 
domains with different electron affinity in the plane. In organic 
polymer photovoltaics, this is known under the term “donor-
acceptor” (D-A) polymers.[24] Also in 2D modified melon, 
strategies such as doping[25-27] or copolymerization[28-30] could 
create such 2D D-A structures with significantly increased 
charge carrier yield. In addition, such D-A-modification shifts the 
optical absorption into the red region and sometimes even 
allows photochemical reactions in this spectral region. 

  

Scheme 1. Proposed interlayer charge carrier transfer of (left) pristine CN (d = 
0.326 nm) and (right) optimized CN-OA-m with shortened layer stacking 
distance (d=0.316 nm). 

The current proof-of-concept demonstration can be seen in 
Scheme 1 and S1. We found out that by co-condensation of 
simple urea with oxamide (OA) in molten salt mixtures (KCl/LiCl), 
this issue could be easily attacked. In this system, we found 
diverse packing motifs, with the interlayer stacking distance 
could be reduced from 0.326 to 0.292 nm. Besides, the visible 

[a] Dr. G. Zhang, Dr. A. Savateev, Dr. T. Heil, Prof. M. Antonietti 
Department of Colloid Chemistry 
Max Planck Institute of Colloids and Interfaces 
Potsdam, 14476, Germany 
E-mail: guigang.zhang@mpikg.mpg.de;                                                     
markus.antonietti@mpikg.mpg.de 

[b] G. Li, Z. Lan, L. Lin, Prof. X. Wang 
State Key Laboratory of Photocatalysis on Energy and Environment, 
College of Chemistry, 
Fuzhou University 
Fuzhou, 350002, China 
Email: xcwang@fzu.edu.cn 

[c] Dr. S. Zafeiratos 
ICPEES, Institut de Chimie et des Procédés pour l’Energie, 
l’Environnement et la Santé, 
UMR 7515 CNRS/Université de Strasbourg 
25 rue Becquerel, 67087 Strasbourg cedex, France. 

   

1



 

 

  

 

M
a
x
 P

la
n
c
k
 I
n
st

it
u
te

 o
f 
C
o
ll
o
id

s 
a
n
d
 I
n
te

rf
a
c
e
s 

· A
u
th

o
r 

M
a
n
u
sc

ri
p
t 

2



 

 

  

 

M
a
x
 P

la
n
c
k
 I
n
st

it
u
te

 o
f 
C
o
ll
o
id

s 
a
n
d
 I
n
te

rf
a
c
e
s 

· A
u
th

o
r 

M
a
n
u
sc

ri
p
t 

3



 

 

  

 

M
a
x
 P

la
n
c
k
 I
n
st

it
u
te

 o
f 
C
o
ll
o
id

s 
a
n
d
 I
n
te

rf
a
c
e
s 

· A
u
th

o
r 

M
a
n
u
sc

ri
p
t 

could be detected (Figure S12 and 13) after four runs of 
persistent reaction, again illustrating the extraordinary stability 
for sustainable applications. The modification in the charge 
carrier transfer could also benefit the photocatalytic water 
oxidation process (Figure S14). 

In summary, a facile strategy has been presented to tailor the 
texture and electronic band structure of polymeric carbon nitride. 
Owing to an obviously reduced interlayer stacking distance and 
extended spectral absorption, more photons can be turned into 
dissociated, reactive surface charges, as reflected by a 
dramatically improved visible light H2 evolution activity, 
especially in the light region above 500 nm. This study highlights 
the synergistic optimization of crystal structure and D-A- 
copolymerization to significantly advance the exciton 
dissociation and hot charge carrier yield. It opens a new avenue 
to optimize the physicochemical properties of polymeric light 
collectors, which offers many opportunities for advanced 
photochemistry in general and their sustainable utilizations. 
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