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Abstract:  Nature  produces  biomineral-based  materials  with  a  
fascinating  set  of  properties  using  only  a  limited  number  of  
elements.  This  set  of  properties  is  obtained  by  closely  controlling  
the  structure  and  local  composition  of  the  biominerals.  We  are  
far  from  obtaining  a  same  degree  of  control  over  the  properties  
of  synthetic  biomineral-based  composites.  A  contributing  reason  
for  this  inferior  control  is  our  incomplete  understanding  of  the  
influence  of  the  synthesis  conditions  and  additives  on  the  
structure  and  composition  of  the  forming  biominerals.  In  this  
review,  we  provide  an  overview  over  the  current  understanding  
of  the  influence  of  synthesis  conditions  and  additives  during  
different  formation  stages  of  CaCO3,  one  of  the  most  abundant  
biominerals.  We  relate  this  influence  to  the  structure,  
composition,  and  properties  of  resulting  CaCO3  crystals  and  
summarize  currently  known  means  to  tune  these  correlations.  
Throughout  the  review,  we  put  special  emphasis  on  the  role  of  
water  in  mediating  the  formation  of  CaCO3  and  thereby  
influencing  its  structure  and  properties,  an  often  overlooked  
aspect  that  is  of  high  relevance.  

1.  Introduction  

Nature   fabricates   biomineral-based   materials   with   a  
fascinating   combination   of   properties   from   a   limited   number   of  
elements.[1]  This  wide  range  of  properties  that  can  be  accessed  
by  nature  is  enabled  by  its  tight  control  over  the  structure  and  local  
composition   of   biominerals.[2,3]   A   prominent   example   of  
biominerals   that   nature   uses   to   build   exceptionally   strong   and  
tough  materials  is  calcium  carbonate,  CaCO3.  Strong  and  tough  
CaCO3-based  materials,  such  as  nacre,  can  be  formed  by  nature  
because   it   possesses   an   exquisite   control   over   the   timing,  
orientation,   size,   and   morphology   of   the   forming   CaCO3.[4–6]  
Moreover,   it   can  precisely   control   the   structure  of  CaCO3  even  
though   numerous   polymorphs,   including   an   amorphous   form,  
three  anhydrous,  and   two  hydrated  crystalline   forms  exist.  This  
level   of   control   is   most   likely   at   least   in   parts   related   to   the  
crystallization  pathway  of  CaCO3  and  the  ability  of  certain  soluble  
additives  present   in  natural  organisms,   including  acidic  proteins  
and  Mg2+  ions,  to  influence  it.[4–6]    

Inspired  by  the  fascinating  properties  of  natural  CaCO3-based  
materials,   a   lot   of   work   has   been   devoted   to   gaining   a   better  
understanding   of   the   crystallization   pathway   of   CaCO3   in  
nature.[7–10]   CaCO3   typically   crystallizes   via   amorphous   CaCO3  
(ACC)  phases  that  act  as  transient  precursors.  In  many  organisms  
such   as   the   sea   urchins,[7,8,10,11]   crayfishs,[12,13]   corals,[14]   and  
gastropods[15]  these  transient  precursors  are  stored  in  designated  
reservoirs  that  serve  as  a  temporal  storage  of  Ca2+  ions.  They  are  
transported   to   the   desired   location   before   being   rapidly  

transformed   into   CaCO3  crystals.   This   crystallization   pathway  
allows   certain   organisms   to   rapidly   fabricate   or   repair   load-
bearing  structures  on  demand.  For  example,  freshwater  crayfish  
usually  store  protein-stabilized  ACC  in  their  gastroliths  and  use  it  
to   build   their   exoskeleton   during  molting.[12,13]   The   presence   of  
soluble   additives   can   significantly   influence   this   crystallization  
process  such   that   they  offer  control  over   the  composition,  size,  
morphology,   and   structure   of   the   resulting  CaCO3   crystals.[4,5,9]  
Moreover,   they   contribute   to   the   outstanding   mechanical  
properties   observed   in  many   natural   CaCO3-based  materials.[3]  
An   illustrative,   well-characterized   example   is   nacre   that   is  
composed   of   layered   platelets   made   of   aragonite,   one   of   the  
metastable  anhydrous  crystalline  CaCO3  polymorphs,  as  shown  
in   Figure   1A.   Each   platelet   is   made   of   crystalline   CaCO3  
nanograins   that   all   possess   the   same   orientation   and   are  
separated  by  organic  additives,  as  shown  in  Figure  1B.[3,16]  The  
presence   of   organic   additives   is   crucial   for   the   mechanical  
properties  of  nacre:  they  enable  plastic  deformation  of  aragonite  
platelets   if   subjected   to  mechanical   loads,   thereby   significantly  
increasing  their  fracture  toughness.[17,18]    

 

Figure  1.  Structure  and  composition  of  nacre.  (A)  SEM  image  of  a  mollusk  shell  
nacre  composed  of  layered  aragonite  platelets.  (B)  Schematic  illustration  of  the  
composition  and  structure  of   the  platelets  made  of  nano-crystalline  aragonite  
grains   that   are   separated   by   organic   additives.[3]   Figures   reproduced   with  
permission  from  Springer  Nature.[3]  

These  examples  hint  at  the  importance  of  the  formation  route  
of   CaCO3   crystals   via   ACC   precursors   and   the   presence   of  
soluble  additives  for  the  mechanical  properties  of  these  materials.  
However,  how  nature  uses  additives   to  control   the   formation  of  
CaCO3,  including  the  formation,  stabilization,  and  crystallization  of  
ACC,  as  well  as  the  composition,  size,  structure,  morphology,  and  
properties  of  the  resulting  crystals,  is  not  fully  understood.[4,5]  This  
incomplete   understanding   prevents   us   from   gaining   a   similar  
degree   of   control   over   the   structure   and   hence   properties   of  
synthetic  CaCO3-based  counterparts.[19]    

To   gain   a   better   understanding   of   the   CaCO3   formation,  
CaCO3  has  been  synthesized  in  the  laboratory  where  synthesis  
conditions  have  been  systematically  varied  in  the  presence  and  
absence   of   additives.   Particular   attention   has   been   paid   to   the  
influence  of   the  solute   concentration,  pH,   temperature,   solvent,  
confinement  and  additives  present  during  the  CaCO3  formation.  
All   these  parameters   have  been  demonstrated   to   influence   the  
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composition,   structure,   morphology,   and   properties   of   the  
resulting   crystals.   In   this   review,   we   summarize   the   current  
understanding  of  the  influence  of  these  parameters  on  the  CaCO3  
formation.   In   particular,   we   emphasize   the   thermodynamic   and  
kinetic  roles  of  water  at  different  stages  of  the  CaCO3  formation.  
The  first  part  of   this  review  is  devoted  to  the  different   formation  
mechanisms   of   ACC   that   have   been   proposed   and   the  
characterization   of   the   resulting   amorphous   precursors.   Within  
this  framework,  we  relate  the  synthesis  conditions  to  the  structure,  
hydration,  crystallization  kinetics  of  ACC,  and   the  structure  and  
morphology   of   the   resulting   crystals.   The   second   part   of   this  
review   discusses   the   influence   of   soluble   additives   on   the  
formation   of   CaCO3.   A   better   understanding   of   the   role   of  
synthesis  conditions  and  additives  in  the  formation  of  CaCO3  will  
likely  offer  a  superior  control  over  the  structure  and  morphology  
of   these  materials,   thereby   enabling   the   fabrication   of   CaCO3-
based  materials  with  properties  that  more  closely  resemble  those  
of  natural  counterparts.  

2.  Formation  of  ACC  

In  synthetic  systems,  CaCO3  is  produced  through  precipitation  
reactions   occurring   between   Ca2+   and   CO3

2-   ions.   The   rate   at  
which   CaCO3   forms   depends   on   the   synthesis   method.   A   fast  
method  to  produce  CaCO3  is  direct  mixing  of  an  aqueous  solution  
containing   Ca2+   ions   with   one   containing   CO3

2-   ions.[20–23]   The  
reaction  rate  can  be  reduced  by  slowing  down  the  diffusion  of  Ca2+  
and  CO3

2-  ions.  This  can  be  achieved,  for  example,  by  placing  a  
membrane  between   two  water-filled  arms  of  a  U-tube,  one  arm  
containing  CaCl2  and  the  other  containing  Na2CO3.[24–26]  Similarly,  
the  reaction  rate  is  slowed  down  if  CO3

2-  ions  are  formed  in  a  Ca2+-
containing  solution.  Carbonate  ions  can  be  formed  from  gaseous  
CO2  that  is  directly  introduced  into  a  Ca(OH)2-containing  aqueous  

solution  to  precipitate  CaCO3.[27–30]  Similarly,  carbonate  ions  can  
be  continuously  produced  for  example  through  the  decomposition  
of  ammonium  carbonate.[31–33]  Another  commonly  used  route   to  
slowly  produce  CaCO3  is  the  Kitano  method  where  an  aqueous  
solution  saturated  with  Ca(HCO3)2  is  stored  in  an  open  vial.  Upon  
storage  of  this  solution,  Ca(HCO3)2  decomposes  into  CaCO3  by  
releasing  CO2.[34–37]    

Different   possible   pathways   through   which   CaCO3   crystals  
form   are   schematically   summarized   in   Figure   2.   If   the  
concentration   of   Ca2+   and   CO3

2-   ions   in   the   solutions   are  
sufficiently   low   such   that   the   solutions   are   supersaturated  with  
respect  to  any  crystalline  CaCO3  phase  but  undersaturated  with  
respect  to  ACC,  the  formation  of  CaCO3  crystals  usually  follows  
the   classical   nucleation  and  growth   pathway.[38–40]   In   this   case,  
crystalline  CaCO3  nuclei  form  and  subsequently  grow  into  larger  
crystals   via   ion-by-ion   attachment   process.   However,   in   most  
synthetic   systems,   the   solutions   are   supersaturated   also   with  
respect   to  ACC  such   that   the   first   phase   that   forms   is   typically  
ACC.[22,41–44]   The   mechanisms   of   the   ACC   formation   are   still  
debated   and   most   likely   depend   on   the   exact   synthesis  
conditions.[45–48]  Different  types  of  intermediate  species,  such  as  
prenucleation  clusters   (PNCs)  and   liquid  precursors  have  been  
reported  to  precede  the  ACC  formation,  as  summarized  in  figure  
2.[35,45,49–51]   Prenucleation   clusters   have   been   observed   in  
undersaturated   and   supersaturated   solutions   using   titration  
experiments,  as  exemplified  in  Figure  3A.[49]  In  addition,  clusters  
with  a  well-defined  diameter  of  around  2  nm  have  been  observed  
with   analytical   ultracentrifugation   (AUC),[49]   cryogenic  
transmission  electron  microscopy  (cryo-TEM),[36]  and  small  angle  
X-ray   scattering   (SAXS).[52,53]   These   experimental   findings   are  
supported  by  molecular  dynamics  (MD)  simulations  that  indicate  
that  PNCs  are  dynamically  ordered  liquid-like  oxyanion  polymers  
(DOLLOPs)   composed   of   alternating   Ca2+   and   CO3

2-   ions,   as  
shown  in  Figure  3B.[54]  

  

 

Figure  2.  Schematic  illustration  of  proposed  mechanisms  of  the  CaCO3  formation.  CaCO3  is  most  often  formed  from  aqueous  solutions  containing  Ca2+  and  CO3
2-  

ions.  (i,ii)  Crystalline  CaCO3  nuclei  can  form  and  grow  into  big  crystals  through  ion-by-ion  attachment  following  the  classical  nucleation  theory  (CNT),  if  the  solutions  
are  supersaturated  with  respect  to  any  crystalline  CaCO3  phase  but  undersaturated  with  respect  to  that  of  ACC.  However,  in  most  synthetic  systems,  the  solutions  
are  supersaturated  also  with  respect  to  ACC  such  that  the  first  phase  that  forms  is  typically  ACC.  ACC  particles  can  form  through  different  mechanisms:  (iii)  Counter  
ions  associate  with  each  other  such  that  they  form  highly  hydrated  chain-like  ion  clusters,  so-called  prenucleation  clusters  (PNCs)  that  subsequently  aggregate  into  
ACC  particles.  (iv)  An  aqueous  solution  containing  Ca2+  and  CO3

2-  ions  undergoes  a  spinodal  or  binodal  liquid-liquid  phase  separation  to  form  a  solute-rich  liquid  
phase  where  ACC  particles  form  through  dehydration  of  the  liquid  phase  or  nucleation  from  the  liquid  phase.  (v)  ACC  nuclei  directly  form  in  the  aqueous  solution.  
(vi)  The  formed  small  ACC  particles  grow  until  they  transform  into  crystals.  This  transformation  can  occur  through  a  (vii)  dissolution-recrystallization  mechanism  if  
ACC  is  in  contact  with  bulk  water  or  (vii)  solid-state  transformation  if  ACC  is  not  in  contact  with  bulk  water.
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Experiments   and   simulations   suggest   that   the   formation   of  
PNCs,  their  stability  and  dynamic  behavior  is  strongly  influenced  
by  water  molecules  that  are  associated  with  these  clusters.[54,55]  
Based  on  these  observations,  it  was  suggested  that  ACC  forms  
through  aggregation  of  PNCs  following  a  non-classical  route.[45,49]  
However,  more  recent  experimental  studies  and  MD  simulations  
do  not  provide  evidence  for  the  existence  of  significant  amounts  
of   PNCs.[46,56,57]   Even   if   PNCs   were   present   under   certain  
experimental   conditions,   their   role   in   the   formation   of   ACC  
requires   further  clarification.[46]  For  example,   these   intermediate  
clusters  have  originally  been  proposed  to  be  thermodynamically  
stable   and   decrease   the   nucleation   barrier   for   the   formation   of  
CaCO3  crystals.[49]  This  contrasts  more  recent  work  indicating  that  
if  PNCs  are  thermodynamically  stable,  the  height  of  the  nucleation  
barrier  increases.[40,46]    
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Early  stages  of  CaCO3  crystallization  are  often  accompanied  

by   the   formation   of   liquid-like   precipitates,   as   shown   in   Figure  
3C.[29,33,35,50]   These   precipitates   are   reported   to   be   a   result   of  
spinodal  or  binodal  liquid-liquid  phase  separations  that  occur  over  
a   range   of   temperatures   and   solute   concentrations,   as  
schematically   shown   in   Figure   3D.[35,51,58]   The   solute-rich   liquid  
phase,   that   corresponds   to   the   liquid-like   precipitates,   can   be  
stabilized   with   additives   including   Mg2+,[59]   poly(aspartic   acid)  

(PAsp),[33,60,61]   poly(acrylic   acid)   (PAA),[60]   and   certain   proteins  
such   as   ovalbumin.[62]   However,   how   such   solute-rich   liquid  
phases   transform   into   ACC   is   still   unknown.   A   recent   study  
suggests   that   the   solute-rich   liquid   phase   is   composed   of   an  
assembly   of   polymer-stabilized   ACC   nanoclusters.   Because   of  
the  small  sizes  of  these  clusters  and  their  repulsive  surfaces,  ACC  
nanoclusters   macroscopically   display   a   liquid-like   behavior.[63]  
These   results  suggest   that   the   liquid-like  phase   is  essentially  a  
variant  of  ACC  particles  encompassing  a  high  amount  of  water,  
well   in   agreement  with   previous   reports   that   observed  different  
types   of   ACC   with   different   hydrations.[23,29,30,64,65]   From   these  
observations,  it  is  questionable  if  the  introduction  of  a  liquid-liquid  
phase  separation  that  precedes  the  ACC  formation  is  required  to  
describe  the  crystallization  of  CaCO3.  

 

Figure  3.  Formation  of  ACC  through  non-classical  routes.  (A)  Evolution  of  the  
amount  of  free  Ca2+  ions  measured  with  a  calcium  ion-selective  electrode  when  
an  aqueous  solution  containing  10  mM  CaCl2  is  added  to  a  carbonate  buffer  at  
pH  =  9.25  at  a  rate  of  10  𝜇L  min-1,  indicated  in  black.  The  total  amount  of  Ca2+  
ions   added   to   the   solution   is   indicated   in   red.   These   results   suggest   that   a  
significant  amount  of  Ca2+   ions  is  bound  by  CO3

2-   ions  to  form  PNCs  both,   in  
solutions  that  are  undersaturated  and  supersaturated  with  respect   to  ACC.[49]  
(B)  Examples  of  the  structures  of  the  PNCs  composed  of  four  pairs  of  Ca2+  and  
CO3

2-  ions  obtained  with  MD  simulations.  Calcium  atoms  are  indicated  in  green,  
carbon  atoms  in  blue,  and  oxygen  atoms  in  red.[54]  (C)  Cryo-TEM  image  of  liquid-
like  CaCO3  particles  that  are  obtained  by  freezing  a  levitated  drop  composed  of  
a   saturated   Ca(HCO3)2   solution   with   liquid   ethane.[35]   (D)   Phase   diagram   of  
aqueous  solutions  containing  Ca2+  and  CO3

2-  ions.  The  solubility  of  all  crystalline  
CaCO3  polymorphs  is  approximated  to  be  the  same  and  indicated  by  the  solid  
black   line  SL.  The   liquid-liquid  coexistence  region   is   indicated  by   the  dashed  
black  L-L  line,  the  spinodal  decomposition  region  by  the  dashed  red  SP  line.[51]  
Figures   reproduced   with   permission   from   the   American   Association   for   the  
Advancement  of  Science,[49,51]  Springer  Nature[54]  and  the  American  Chemical  
Society.[35]    

  
Several   studies   suggest   that   the   ACC   formation   can   be  

described  using  the  classical  nucleation  and  growth  theory.[57,66]  
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The  preferential  formation  of  the  ACC  phase  during  early  stages  
of   CaCO3   crystallization   might   be   thermodynamically   driven:  
Molecular   dynamics   (MD)   simulations   indicate   that   the   free  
energy  of  ACC  particles  whose  diameters  do  not  exceed  a   few  
nanometers   is   below   that   of   their   crystalline   counterparts.[67,68]  
Hence,  ACC  is  the  thermodynamically  most  stable  phase  during  
early  stages  of  the  CaCO3  formation.  A  contributing  reason  for  the  
lower  free  energy  of  the  amorphous  phase  in  small  particles  is  its  
lower  surface  energy   that   is  approximately  0.33  J/m2.[69]   If  ACC  
particles  are  sufficiently  small,  such  that  their  surface-to-volume  
ratio  is  high,  the  lower  surface  energy  outweighs  the  higher  bulk  
energy  of  the  amorphous  phase  compared  to  any  of  the  crystalline  
ones.[70]  The  thermodynamic  stability  of  the  ACC  phase  might  be  
further   increased  by  water   that   is   incorporated   in  ACC  particles  
and   decreases   their   bulk   free   energy.[68]   The   preferential  
formation   of   ACC   can   also   be   kinetically   driven:[4]   The   lower  
surface  energy  of  ACC[69]   results   in  a  smaller  energy  barrier   for  
nucleation,  thereby  accelerating  the  nucleation  of  the  amorphous  
phase.[70]   The   faster   formation   of   small   amorphous   particles  
compared   to   crystalline   counterparts   is   supported   by   MD  
simulations.[68,71]  

 

Figure  4.  Growth  and  transformation  of  ACC  particles  in  aqueous  solutions.  (A)  
TEM  images  of  ACC  particles  whose  formation  is  quenched  at  different  stages  
by  a  microfluidic  spray  dryer.  The  electron-light  phases  appearing  in  the  TEM  
images  are  caused  by  interactions  between  mobile  water  molecules  contained  
in  ACC  and  the  electron  beam  such  that  the  size  and  number  of  these  regions  
provides  qualitative  information  on  the  amount  of  mobile  water  contained  in  ACC.  
The   corresponding   SAED   patterns   are   included   as   insets.[30]   (B)   Time-lapse  
TEM  images  of  the  transformation  of  ACC  particles  into  crystals  obtained  by  in-
situ  liquid  cell  TEM.[23]  Figures  reproduced  with  permission  from  the  American  
Chemical   Society,[30]   and   the   American   Association   for   the   Advancement   of  
Science.[23]  

Small  ACC  nanoparticles  with  diameters  of  a  few  nm  rapidly  
grow   or   agglomerate   into   bigger   ones.[57,68,72,73]   This   growth   or  
agglomeration  reduces  their  surface-to-volume  ratio  such  that,  at  
some  point,  the  free  energy  of  ACC  particles  exceeds  that  of  the  
crystalline   polymorphs.[68]   The   higher   free   energy   of   the   ACC  
phase  is  supported  by  calorimetric  measurements  that  neglect  the  
small   entropy   contribution.   For   example,   the   enthalpy   of   ACC  
particles  with  diameters  above  45  nm  is  3  to  15  ±  3  kJ/mol  higher  
than   that  of  calcite,   indicating   that  ACC  particles  of   these  sizes  
are   metastable.[20,74–76]   Despite   of   their   metastability,   ACC  
particles   can   grow   into   particles  with   diameters   reaching   up   to  
several   µm   within   only   a   few   seconds   to   minutes.[21,23,30,32,42,77]  
During  the  fast  growth  of  ACC,  significant  amounts  of  water  are  
incorporated   into   the   particles,[30]   as   show   in   Figure   4A.   This  

incorporated   water   decreases   the   enthalpy   of   ACC  
particles,[74,78,79]   rendering   the   growth   thermodynamically  
favorable.  However,  when  the  size  of  the  growing  ACC  particles  
exceeds   a   certain   value,   they   transform   into   one   of   the   more  
stable   crystalline   forms.[23,80,81]   This   transformation   was  
experimentally   observed,   for   example,   for   particles   whose  
diameter   exceeds   a   few   micrometers   using   in-situ   liquid   cell  
TEM,[23]  as  shown  in  Figure  4B.  

3.  Structure  and  hydration  of  ACC  

The   formation  of  ACC   is   influenced  by  synthesis  conditions  
including   the   formation   time,[30]   solute   concentration,[51,58,66,73]  
pH,[49,57]   temperature,[51,57,58,66]   solvent,[82]   and   confinement.[83]  
These  conditions  also  influence  the  structure  and  hydration  of  the  
resulting   ACC   particles.[30,64,68,82,84–86]   To   investigate   how  
synthesis  conditions  influence  the  structure  and  hydration  of  ACC,  
a  thorough  characterization  of  these  parameters  is  key.[64,87,88]  A  
variety   of   techniques   that   are   most   commonly   used   to  
characterize  ACC  are  summarized  below.  

3.1.  Structure  

Amorphous   particles   do   not   possess   any   long-range   order  
such   that   they   do   not   display   distinct   diffraction   peaks   if  
characterized  with  light,  electrons,  and  X-rays.[9,84]  This  feature  is  
distinctly   different   from   crystals   and   allows   to   experimentally  
easily   identify  the  amorphous  structure  of  particles,  for  example  
using  X-ray  diffraction  (XRD)  where  diffusive  and  broad  peaks  are  
observed.[64,75]  The  amorphous  structure  of  CaCO3  particles  can  
also  be  characterized  on  a  single  particle  level  using  select  area  
electron  diffraction  (SAED),  as  shown  in  Figure  4A.[30]    

Complementary   information   on   the   structure   of   CaCO3  
particles   and   their   composition   can   conveniently   be   extracted  
from   vibrational   spectroscopy   measurements   such   as   Fourier-
transform   infrared   (FTIR)   and   Raman   spectroscopy.   The  
carbonate   ions  contained   in  ACC  possess  a  different  symmetry  
compared   to   those  contained   in   crystals   such   that   they  have  a  
different   photon   absorption   behavior.   For   example,   the   ACC  
phase  has  a  broad  ν2  out-of-plane  bending  absorption  peak  at  866  
cm–1  and  no  ν4  in-plane  bending  absorption  peak  in  its  IR  spectra  
while  calcite  has  a  sharp  ν2  peak  at  874  cm–1  and  a  ν4  peak  at  712  
cm–1,   as   shown   in   Figure   5A.[30]   In   addition,   the   ACC   phase  
usually   contains   water   in   its   structure   that   results   in   a   broad  
absorption   peak   in   the   region   of   2750–3600   cm–1   and   a   small  
absorption  peak  around  1640  cm–1.[25,82]  These  peaks  are  absent  
in   anhydrous   crystalline   samples.   Similarly,   the   ACC   phase  
displays   Raman   features   that   are   distinctly   different   from   its  
crystalline   counterparts:   The  ACC  phase  has   an   intense  broad  
peak   around   1085   cm−1   and   a   broad   featureless   hump   around  
140-300  cm−1,  while   crystalline  CaCO3  displays  sharp  peaks   in  
these  regions,  as  shown  in  Figure  5B.[89–91]  In  addition,  crystalline  
CaCO3  has  a  broad  absorption  peak  in  the  range  of  700–750  cm−1  
that  is  absent  in  ACC.  
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Figure  5.  Characterizations  of  the  ACC  structure.  (A)  FTIR  spectra  of  ACC  particles,  Ca(OH)2  containing  a  small  amount  of  calcite,  and  calcite.[30]  (B)  Raman  spectra  
of  ACC,  calcite,  and  aragonite.[90]  (C)  13C  MAS  solid-state  NMR  spectra  of  different  CaCO3  phases  including  ACC,  vaterite,  aragonite,  calcite,  monohydrocalcite  
(MHC),  and  calcium  carbonate  hexahydrate  (Ikaite),  as  well  as  two  reference  compounds,  sodium  hydrogencarbonate  and  potassium  hydrogencarbonate.[92]  (D)  
Ca  K-edge  XANES  spectra  of  ACC  particles  that  are  synthesized  through  two  different  methods  and  four  reference  samples  including  calcite,  aragonite,  Ca(OH)2,  
and  MHC  with  (E)  the  corresponding  measured  (solid  line)  and  fitted  (dashed  line)  Fourier  Transforms  of  the  EXAFS  undulations  in  R-space.  The  peak  at  ∼1.8  Å  
measured  for  ACC  samples  after  the  correction  for  phase  shift  corresponds  to  a  Ca-O  distance  of  ∼2.4  Å.[64]  (F)  PDF  analysis  of  ACC  and  four  different  crystalline  
CaCO3  phases.[64]  (B)  Zoom-ins  of  PDFs  measured  for  ACC  particles  synthesized  at  pH=10.6  (red),  pH=12.2  (blue),  pH=12.5  (green),  and  pH=12.7  (purple).[86]  
Figures  reproduced  with  permission  from  the  American  Chemical  Society[30,64,86,92]  and  the  Taylor  &  Francis.[90]    
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A   powerful   tool   to   more   closely   probe   the   chemical  

environment  of  CO3
2-  contained  in  CaCO3  is  13C  solid-state  NMR  

spectroscopy.   Information   on   the   structure   of   CaCO3   can   be  
extracted   from   the  width  of   the   13C  peak  measured  with  magic  
angle   spinning   (MAS)   13C   NMR   spectroscopy.   The   13C   peak  
measured   for   ACC   is   much   broader   than   that   of   crystalline  
CaCO3:   The   line   width   of   the   13C   peak   measured   for   ACC   is  
around  3.6  ppm  and  only  around  0.3  ppm  for  calcite,  as  shown  in  
Figure  5C.[64,92]  Additional  information  on  the  structure  of  CaCO3,  
including   its   hydration,[85,92]   might   be   extracted   from   the   13C  
chemical   shift   measured   with   MAS   13C   NMR  
spectroscopy.[82,84,85,93]   However,   the   chemical   shifts   measured  
for  ACC  relative  to  calcite  vary:  Some  studies  measure  variations  
up   to   1   ppm[84,93,94]   whereas   others   do   not   observe   any  
shifts.[64,92,95]  A  possible  reason  for  these  observed  differences  in  
13C  chemical  shifts  might  be  varying  hydrations  of  ACC  particles  
that   are   produced  under   different   synthesis   conditions.   Indeed,  
careful   analysis   of   the   13C   chemical   shift   anisotropy   (CSA)  
parameters  performed  using  2D  13C{1H}  cross-polarization  phase  
adjusted   spinning   sideband   (CP   PASS)   NMR   spectroscopy  
reveals   that  C  atoms  contained   in  CO3

2–   ions  of  hydrated  ACC  
form   hydrogen   bonds   with   water   molecules.   These   hydrogen  
bonds   shift   the   C   atoms   away   from   the   centroid   of   the   O3  
triangular   plane.[95]   This   positional   offset   of   the   C-atoms   most  
likely  contributes  to  the  observed  13C  chemical  shift  of  ACC.    

A   commonly   employed   technique   that   offers   more   insights  
into   the   local   structure   of   ACC   particles   is   X-ray   absorption  
spectroscopy  (XAS).  The  coordination  shells  of  the  Ca  atoms  can  
be  characterized  with  Ca  K-edge  XAS  measurements.[96,97]  The  
region   encompassing   the   main   absorption   peak,   the   X-ray  
Absorption   Near-Edge   Structure   (XANES),   provides   qualitative  
information   on   the   symmetry   of   the   nearest   neighbors   of   Ca  
atoms.[9,97,98]  The  different  symmetries  present  in  the  structure  of  
amorphous   and   crystalline   CaCO3   phases   result   in   distinctly  
different   absorption   patterns.   For   example,   Ca   K-edge   XANES  
spectra  of  ACC  consist  of  a  single  main  absorption  peak  around  
4049  eV  that  does  not  contain  any  shoulder  around  4045  eV.  This  
main   peak   is   partially   convoluted   with   a   small   pre-edge   peak  
around   4040   eV.   By   contrast,   calcite   results   in   two   absorption  
peaks  located  around  4050  eV  and  4060  eV,  as  shown  in  Figure  
5D.[64]   Its   first   main   absorption   peak   encompasses   a   shoulder  
around  4045  eV  and  does  not  contain  any  pre-edge  peak.  More  
quantitative   information   on   the   ACC   short-range   order   can   be  
extracted   from   the   Ca   K-edge   X-ray   absorption   fine   structure  
(EXAFS)  by  fitting  the  undulations  measured  in  these  regions,  as  
shown  in  Figure  5E.[9,64,97,98]  This  analysis  reveals  information  on  
the   average   coordination   number   (CN)   of   O   atoms   around   Ca  
atoms  as  well   as   the  average  distance   (R)   between  O  and  Ca  
atoms.  The  average  CN  of  ACC  varies   from  2   to  7  but   is  most  
frequently   around   6.[64,84,85,99,100]   The   average   R   for   ACC   is  
typically  around  2.4  Å,[64,84,85,99,100]  well  in  agreement  with  values  
obtained  from  43Ca  NMR[101]  and  MD  simulations.[68,101,102]    

A   detailed   analysis   of  ACC  suggests   that   this   phase  has   a  
characteristic  short-range  order.  Whether  the  small  differences  in  
the   short-range  order  are  a   result   of   the  different   hydrations  of  
ACC   particles   produced   under   different   synthesis   conditions  

remains   to  be  shown.  However,   it   is  clear   that  variations  of   the  
values   for   CN   and   R   introduced   by   using   different   fitting  
procedures  of  EXAFS  data  are  significant.[64,88]  This  uncertainty  in  
the   data   analysis   makes   it   difficult   to   unequivocally   relate  
differences   in   the   hydrations   of   ACC   phases   to   their   structural  
variations.  

Information   on   the   local   structure   of   ACC   can   also   be  
extracted  from  a  pair  distribution  function  (PDF)  analysis   that   is  
performed  on   total   scattering  data.[64,103]  This  analysis   indicates  
that   ACC   possesses   short-   and   medium-range   order   up   to   a  
length   scale   of   10   Å.[64,100]   In   particular,   PDF   spectra   of   ACC  
particles  reveal  a  prominent  feature  at  2.4  Å  that  corresponds  to  
the  first  Ca-O  coordination  shell,  in  good  agreement  with  EXAFS  
results,[30,64,99]  as  shown  in  Figure  5F.[64]  Fits  of  the  PDF  spectra  
of   X-ray   and   neutron   total   scattering   results   indicate   that   the  
number  of  oxygen  atoms  contained  in  the  first  coordination  shell  
averages   at   7,   well   in   agreement   with   EXAFS   results.[104]   The  
majority  of  the  oxygen  atoms  located  in  the  first  coordination  shell  
originate   from   carbonate   ions   and   the   rest   from   water.[104]   In  
addition,   PDF   data   reveal   two   characteristic   features   in   the  
medium-range  length  scale:  One  around  𝑅 =  4  Å  that  can  mainly  
be  attributed  to  the  Ca···Ca  correlations  and  one  around  𝑅 =	  	  6  Å  
that  can  primarily  be  attributed  to  the  Ca···O  correlations.[88]    

These  in-depth  studies  over  the  amorphous  CaCO3  structure  
reveal   some   similarities   with   crystalline   CaCO3   structures   that  
might   influence   the   transformation   of   ACC   into   a  
crystal.[84,85,87,93,99,105]  These  similarities  have  also  been  observed  
in  MD  simulations.  These  simulations  reveal  additional  structural  
features   of   ACC   that   display   some   similarities   to   one   of   the  
crystalline   polymorphs   including   the   orientational-,[67,106]   short-
range[78]  and  medium-range  order,[71,78]  as  well  as  the  distribution  
of   angles   of   the   nearest-neighboring   atoms.[107]   However,   all  
these  similarities  are  subtle  and   in  certain  experimental  studies  
they   are   even   inexistent[64,82,86]   such   that   they   are   debated.   A  
possible   reason   for   the  variations   in   the   reported   results  of   the  
local  structure  of  ACC  particles  might  be  related  to  differences  in  
their  synthesis  conditions[82,84–86]  and  therefore  their  hydrations.[85]  
For  example,  if  ACC  particles  are  synthesized  at  increasing  pHs,  
the  intensity  of  the  PDF  peak  at  3.7  Å  grows  on  the  expense  of  
the  peak  at  4.1  Å,  as  shown  in  Figure  5G.[86]    

3.2.  Hydration  

Nature   frequently   produces   anhydrous   ACC.[9]   By   contrast,  
most   synthetic   ACC   encompasses  water;;   this   water   influences  
the   formation   of   ACC   and   its   stability   against  
crystallization.[30,68,74,75]   The   amount   of   water   contained   in   ACC  
depends  on  the  synthesis  conditions:  The  degree  of  hydration  (n)  
of  ACC,  CaCO3∙nH2O,  have  been  reported  to  range  from  0.4  to  
1.6.[29,30,64,65,69,75,84,92,100,108]   Molecular   dynamics   simulations   and  
experiments   reveal   that   the  vast  majority  of  water  molecules   is  
incorporated  into  the  structure  of  ACC.[64,104]  Most  of  this  water  is  
directly  bound  to  Ca  atoms:[101,104]  16-22%  of   the  oxygen  atoms  
contained   in   the   first  Ca  coordination  shell  originate   from  water  
molecules.[102,104]  Similarly,  water  molecules  form  hydrogen  bonds  
with  oxygen  atoms  contained  in  carbonate  ions.  Indeed,  hydrogen  
bonds   formed   between   water   and   carbonate   ions   are   more  
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favorable  than  those  between  two  water  molecules.[79,104]  These  
water-carbonate  hydrogen  bonds  cause  an  in-plane  displacement  
of  carbon  atoms  contained  in  CO3

2−  away  from  the  centroid  of  the  
O3  triangle.[95]  This  distortion  hampers  the  re-arrangement  of  ions,  
thereby  stabilizing  the  ACC  against  crystallization.[95]  

To  obtain  a  better  understanding  of   the  distribution  of  water  
within   ACC,   a   three   dimensional   (3D)   atomic   ACC   model   has  
been   developed   on   the   basis   of   PDF   analysis.   This   model  
indicates   that   ACC   consists   of   a   nano-porous   Ca-rich   matrix  
encompassing  a  percolating  network  of   channels   that   are   filled  
with   CO3

2−   ions   and   water,   as   shown   in   Figure   6A.[88]   The  
surrounding   matrix   encompasses   H2O   molecules   that   strongly  
interact   with   Ca2+   ions   such   that   these   molecules   have   a   low  
mobility.[88,102,109]   By   contrast,   the   nanochannels   contain   water  
molecules  that  form  weaker  hydrogen  bonds  with  CO3

2−  such  that  
their  mobility  is  much  higher.[88,102,109]  This  result  is  consistent  with  
experimental  1H  solid-state  NMR  measurements  that  reveal  two  
types   of   water   molecules   possessing   a   distinctly   different  
mobility.[64]  The  two  different  types  of  water  molecules  can  also  be  
analyzed   with   thermogravimetry   analysis   (TGA)   where   weakly  
interacting,  mobile  water  evaporates  at  much  lower  temperatures  
than   the   strongly   interacting,   rigid   water.[100,110,111]   Due   to   the  
different  binding  strengths,  the  mobile  water  can  be  removed  from  
ACC  particles  through  freeze  drying,  in  stark  contrast  to  the  rigid  
water.[108,112]    

The  existence  of  two  types  of  water  molecules  possessing  a  
distinctly  different  mobility  within  ACC  is  well  accepted  and  has  
been   confirmed   with   simulations   and   experiments.[30,64,79,110,111]  
However,   the   dimensions   of   nano-channels   that   are   filled   with  
mobile   water   are   debated.[88,103,104]   This   uncertainty   might   be  
related  to  the  dynamic  nature  of  these  channels:  MD  simulations  
reveal   that   nano-channels   shrink   with   time   due   to   ion   re-
arrangements.[78,101]   These   results   imply   that   even   if   such  
channels   exist   during   early   stages   of   the   ACC   formation,   they  
disappear   on   time   scales   that   are   difficult   to   access  
experimentally.   Hence,   experimental   evidence   of   these   nano-
channels  is  missing.    

The  formation  of  mobile  water-rich  channels  as  big  as  a  few  
nm   is   still   debated.   However,   it   is   clear   that   mobile   water  
molecules  form  a  percolating  network  if  the  degree  of  hydration  of  
ACC   is   sufficiently   high.[79,104]   Simulations   suggest   that  
percolating  water  networks  form  if  the  degree  of  hydration  of  ACC  
exceeds  0.8.[79]  If  the  degree  of  hydration  falls  below  this  threshold  
value,   the   mobility   of   water   molecules   and   ions   significantly  
decreases.[79]  This  observation  suggests  that  the  majority  of  water  
contained  in  ACC  with  n  below  0.8  is  rigid.  This  suggestion  is  in  
line  with  TGA  results  that  reveal  an  n  below  0.8  for  ACC  samples  
that  have  been  treated  at  temperatures  around  100°C  to  remove  
the  mobile  water.[64,111]    

  

 

Figure  6.  Hydration  of  ACC  and  its   influence  on  the  ACC  short-  and  medium-range  order.  (A)  Stereo  representation  of  an  atomic  3D  model  of   the  nanoporous  
structure  of  ACC.  The  Ca-rich  frameworks  are  indicated  by  the  red  sticks,  the  water-rich  nanochannels  by  the  blue  surfaces.[88]  (B)  Average  CN  of  O  (orange)  and  
C  (blue)  atoms  within  the  first  coordination  shell  of  Ca  as  function  of  the  degree  of  hydration  (n)  of  ACC  as  determined  by  MD  simulations.  The  oxygen  atoms  
contributed  by  water  molecules  are  indicated  in  black,  those  contributed  by  carbonate  ions  in  red.[78]  (C,  D)  Average  Ca···Ca  correlations  in  (C)  as-synthesized  ACC  
particles  and  (D)  those  exposed  to  a  pressure  of  11.9  GPa  obtained  from  reverse  Monte-Carlo  (RMC)  modelling  of  their  PDFs.  They  are  compared  to  that  of  calcite,  
aragonite,  and  vaterite  at  ambient  pressure.[105]  Figures  reproduced  with  permission  from  the  American  Chemical  Society[78,88]  and  John  Wiley  &  Sons.[105]
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Water   contained   in  ACC  particles   can   influence   their   short-  
and   medium-range   order.   A   dehydration   of   ACC   is   thus  
accompanied  by  a   re-arrangement  of   ions,  as   indicated  by  MD  
simulations.[78,79,102,109]   During   dehydration,   H2O   molecules  
present   in   the   first   Ca-O   coordination   shell   are   replaced   by  
CO3

2−  groups.  As  a  result  of  this  exchange,  the  values  of  CN  and  
R  in  the  first  Ca-O  coordination  shell  remain  nearly  constant,  as  
shown   in  Figure  6B.[78,104]  Hence,   it   is  difficult   to  experimentally  
quantify   structural   differences   for   ACC   particles   possessing  
different  degrees  of  hydration  with  commonly  used  methods  such  
as  EXAFS.  Yet,  these  differences  can  be  qualitatively  assessed  
by  comparing  XANES  or  PDF  spectra  of  ACC  particles  subjected  
to  elevated  temperatures  or  pressures  such  that  their  degree  of  
dehydration   changes   in   situ.   Interestingly,   in-situ   XANES  
measurements   reveal  shifts  of   the  Ca  absorption  edge   towards  
lower  values  when  n  decreases  from  1.4  to  0.7  upon  exposure  to  
elevated  temperatures.[30]  By  contrast,  no  shift  could  be  detected  
if  n  does  not  fall  below  1,  a  value  above  the  percolation  threshold  
of   n~0.8.   These   observations   imply   that   measurable   structural  
rearrangements  occur  only  when  rigid  water  is  removed  and  this  
is   the   case   if   the   degree   of   hydration   is   below   the   percolation  
threshold.  These  XANES  results  are  supported  by  small  changes  
in  the  relative  EXAFS  peak  intensities  and  different  PDF  features,  
that  could  only  be  observed  if  n  falls  below  0.8.[74,100,104]  Structural  
changes   in   ACC   could   also   be   monitored   with   PDF   if   the  
dehydration  is  induced  with  uniaxial  pressures  as  high  as  12  GPa.  
This  dehydration  is  accompanied  by  a  re-arrangement  of  ions  into  
a   structure   that   displays   some   resemblance  with   aragonite,   as  
demonstrated  with  PDF  in  Figures  6C  and  D.[105]  More  generally,  
it  has  been  suggested  that  the  denser  structure  of  partially  or  fully  
dehydrated  ACC  might  display  some  resemblance  with  one  of  the  
anhydrous  crystalline  CaCO3  polymorphs.[78,106,107,109]  

Some  synthesis  conditions,  including  the  pH,[84–86]  solvent,[82]  
and   temperature[85]   of   the   solution   that   ACC   is   produced   from  
influence  the  water-ion  interactions  within  ACC.[69,85]  Hence,  these  
parameters  also  influence  the  ratio  of  mobile  to  rigid  water  present  
in  ACC  and  therefore  its  local  structure.  Interestingly,  many  ACC  
particles  produced  under  varying  synthesis  conditions  possess  a  
similar   degree  of   hydration.   This   observation   suggests   that   the  
degree  of  hydration   is   insufficient   to  characterize  ACC.  Instead,  
the  ratio  of  mobile  to  rigid  water  must  also  be  considered.  

4.  Crystallization  of  ACC  

ACC   particles  with   diameters   exceeding   a   few   nanometers  
are  metastable  and  tend  to  transform  into  crystals  with  time.  The  
kinetics  of  this  crystallization  and  the  structure  and  morphology  of  
the   resulting   crystals   can   be   significantly   influenced   by   the  
crystallization   pathway.[65,69,74,111]   Different   ACC   crystallization  
mechanisms   have   been   proposed   in   the   last   decade,   as  
schematically   summarized   in   Figure   2.   A   particularly   important  
parameter   that   determines   the   crystallization   pathway   is   the  
presence  of  bulk  water   in  the  crystallization  environment:   In  the  
presence  of  bulk  water,   crystallization  often  occurs   through   the  
so-called  dissolution-recrystallization  mechanism.  By  contrast,  in  
the   absence   of   bulk   water,   ACC   particles   typically   crystallize  

through  solid-state  transformations.  In  both  cases,  the  propensity  
of  ACC  particles  to  crystallize  primarily  depends  on  their  kinetic  
stability   that   is,   at   least   in  parts,   influenced  by   the  hydration  of  
ACC,  as  summarized  below.  

4.1.  Solid-state  transformation  

To   convert   ACC   particles   into   crystals   via   solid-state  
transformation,   they   must   be   dehydrated   before   anhydrous  
crystalline  nuclei  form.[65,78]  The  dehydration  process  of  ACC  was  
initially  proposed   to  be   thermodynamically   favored  because   the  
enthalpy   of   hydrated   ACC   particles   measured   with   isothermal  
acid  solution  calorimetry  was  higher  than  that  of  anhydrous  ones  
measured   with   differential   scanning   calorimetry   (DSC).[75]   This  
thermodynamic   argument   has   often   been   used   to   describe   the  
solid-state   transformation   of   biogenic   ACC   under   ambient  
conditions.[10,15,75,113,114]  However,  more   recent   experiments   that  
assessed   the  enthalpy  of  ACC  before  and  after   its  dehydration  
using  the  same  technique  reveal  that  dehydrated  ACC  particles  
possess  a  higher  enthalpy.[74,100]  These  more  recent  experimental  
results   are   supported   by   MD   simulations   that   suggest   the  
dehydration   to   be   thermodynamically   unfavorable,   as   shown   in  
Figure  7A.[68,78,79]  To  overcome  the  energy  penalty  associated  with  
the  dehydration,  ACC  must  be  exposed  to  external  triggers  such  
as   elevated   temperatures,[69,74,86,111]   pressures,[115,116]   or   an  
electron  beam.[29]  

Dehydration  of  ACC   is  associated  with  a   re-arrangement  of  
ions   contained   in   ACC.   [30,74,78,79,100,104]   This   re-arrangement   is  
kinetically  hindered  by   the   interactions  between  water  and   ions  
contained   in   ACC,   that   decrease   the   mobility   of   water   and  
ions.[78,88,95]  In  the  early  stage  of  dehydration  where  the  degree  of  
hydration   of   ACC   is   high   and   a   significant   amount   of   water   is  
mobile,   water   can   be   removed   relatively   easily.[64,78,102,109]  With  
progressing  dehydration,  the  interactions  between  water  and  ions  
contained  in  ACC  become  stronger  such  that  the  energy  barrier  
for   further   water   removal   increases.[78]   For   example,   when   the  
degree  of  hydration  decreases  from  1.4  to  1,  the  activation  energy  
barrier  for  dehydration  increases  from  50  kJ/mol  to  120  kJ/mol,  as  
shown   in   Figure   7B.[65]  When   the   degree   of   hydration   reaches  
values   below   the   percolation   threshold,   n=0.8,   the   activation  
energy  for  further  water  removal  increases  even  more  rapidly.[79]  
This  strong  increase  in  the  activation  energy  might  be  related  to  
the  need  for  substantial  ion  re-arrangements  required  to  remove  
additional   water.[30,79,100]   For   example,   when   n   is   around   0.2,  
where   the  majority   of   water   is   rigid[30,64,111]   and   hence   strongly  
bound,[64,78,88,117]  the  activation  energy  for  water  removal  is  as  high  
as  250  kJ/mol.[65]  Once  the  activation  energy  for   the  removal  of  
the   remaining   water   is   overcome   such   that   ACC   is   fully  
dehydrated,   crystalline   CaCO3   nuclei   form   and   grow   by  
consuming  the  amorphous  matrix.[30]  These  results  suggest  that  
the  kinetics  of  the  solid-state  transformation  depend  on  the  ion-
water  interactions  within  ACC  and  hence,  on  the  ratio  of  mobile  to  
rigid  water  contained  in  it.    

The  free  energy  of  ACC  particles  decreases  with  increasing  
degree   of   hydration   such   that   their   thermodynamic   stability  
increases.[79]   However,   the   stability   of   ACC   particles   against  
crystallization,   typically  expressed  as  their   lifetime  or   the  critical  
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crystallization   temperature   or   pressure,   refers   to   their   kinetic  
rather  than  their  thermodynamic  stability.  These  two  stabilities  are  
not  directly   related   to  each  other:  For  example,   the  enthalpy  of  
ACC  particles   increases  with   increasing  pH  of   the  solution   they  
are   synthesized   from,   such   that   their   thermodynamic   stability  
decreases.[20]   Nevertheless,   their   kinetic   stability,   measured   as  
the  critical  crystallization  temperature,  increases.[20]    

The   kinetic   stability   of   ACC   against   a   solid-state  
transformation   is   determined   by   the   activation   energy   of   its  

dehydration.  With  increasing  degree  of  hydration,  the  mobility  of  
ions   increases,   thereby   facilitating   their   re-arrangement   and  
reducing   this  activation  energy.[79]  Hence,   the  kinetic  stability  of  
ACC  particles  against  solid-state   transformation  decreases  with  
increasing  degree  of  hydration,[29,30,111,115]  as  exemplified  by   the  
lower  pressure  required  to  induce  their  solid-state  crystallization:  
ACC  particles   containing   10  wt%  H2O   crystallize   if   loaded  with  
800   MPa,   whereas   those   containing   21   wt%   H2O   already  
crystallize  if  subjected  to  240  MPa.[115]  

  

 
Figure  7.  Solid-state  transformation  of  ACC.  (A)  Enthalpy  (left)  and  free  energy  (right)  of  ACC  particles  relative  to  calcite  as  function  of  the  molar  fraction  of  water  
(XH2O)  contained  in  ACC  obtained  by  MD  simulations.[79]  (B)  Activation  energies  (EA)  of  the  dehydration  process  of  ACC  as  function  of  its  degree  of  hydration  (n).[65]  
C)  DSC  (solid  line)  and  TGA  (dashed  line)  analysis  of  ACC  particles  synthesized  at  different  pHs.[86]  (D)  Contour  plots  of  the  wide-angle  X-ray  scattering  (WAXS)  
intensity  of  ACC  particles  with  different  sizes  while  being  heated  as  a  function  of  the  scattering  vector  (q)  and  temperature.  When  the  solute  concentration  increases  
from  5  mM  to  100  mM,  the  average  diameter  of  the  resulting  ACC  particles  decreases  from  200  nm  to  66  nm.  The  critical  crystallization  temperatures  are  indicated  
by  the  white  dashed   lines.[69]   (E)  TEM  images  and  SAED  patterns  of   two  ACC  particles  with  different  diameters  after   they  have  been  transformed  into  crystals  
through  annealing  at  370℃  for  3  hours.  Particles  with  diameters  of  45  nm  encompass  nearly  no  mobile  water  whereas  the  molar  ratio  of  mobile  to  rigid  water  in  130  
nm  diameter  ACC  particle  is  around  1.[30]  Figures  reproduced  with  permission  from  the  American  Chemical  Society[30,69,79,86]  and  Springer  Nature.[65]  
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The   kinetic   stability   of   ACC   particles   against   solid-state  
transformation  also  depends  on   their   synthesis  conditions  such  
as  the  pH  and  solute  concentration.[20,86,100]  For  example,  if  the  pH  
of  the  synthesis  solution  increases  from  10.6  to  12.7,  the  kinetic  
stability  of  the  resulting  ACC  particles,  measured  as  their  critical  
crystallization  temperature,  increases  from  162  °C  to  335  °C,  as  
shown   in  Figure  7C.[86]  Similarly,   if   the  concentration  of   solutes  
present  during   the  ACC  synthesis   increases   from  5  mM  to  100  
mM,   the  critical  crystallization   temperature  of   the  resulting  ACC  
particles   increases   from  130   °C   to  220   °C,  as  shown   in  Figure  
7D.[69]  This  increase  in  kinetic  stability  was  assigned  to  a  decrease  
in   the  particle  size:  As   the  pH  or  solute  concentration   increase,  
the  degree  of  supersaturation  of  the  solution  increases  such  that  
ACC   particles   with   smaller   sizes   are   produced.[69]   The   surface  
energy  of  ACC  is  below  that  of  any  of  the  crystalline  counterparts,  
such   that   smaller  ACC  particles,   that  have  a  higher  surface-to-
volume   ratio,   are   thermodynamically   more   stable   than   larger  
ones.[69]  However,  it   is  unlikely  that  the  higher  kinetic  stability  of  
smaller   ACC   particles   is   related   to   their   higher   thermodynamic  
stability.   Instead,   these   small   ACC   particles   display   a   different  
dehydration   behavior   than   larger   particles   that   have   a   similar  
degree  of  hydration.[69]  This  observation  suggests  that  the  ratio  of  
rigid  to  mobile  water  is  a  function  of  the  particle  size  and  that  this  
ratio   influences   the   kinetic   stability   of   ACC   against   solid-state  
transformation.  

The   structure   of  CaCO3   crystals   can   be   controlled  with   the  
kinetics  of  the  solid-state  transformation  and  hence,  with  external  
crystallization  triggers.  If  ACC  particles  undergo  a  fast  solid-state  
transformation,   for  example   induced  by  subjecting   them  to  high  
temperatures,   they   transform   into   the   thermodynamically   most  
stable   polymorph,   calcite.[69,84,111]   By   contrast,   if   the   solid-state  
transformation   is   slower,   for   example   if   ACC   is   exposed   to  
elevated  pressures,  a  mixture  of  calcite  and  metastable  vaterite  
forms.[115,116]   The   fraction   of   vaterite   present   in   this   mixture  
increases  with   decreasing  pressure,   that  most   likely   decreases  
the  rate  of  the  solid-state  transformation.[115]  Not  only  the  structure,  
but  also  the  crystallite  size  can  be  tuned  with  the  transformation  
kinetics:   If   the   ratio   of   mobile   to   rigid   water   contained   in   ACC  
increases  such   that   the   transformation  kinetics  becomes   faster,  
the  crystallite  size  increases,  as  shown  in  Figure  7E.[30]  

4.2.  Dissolution-recrystallization  

If  ACC  particles  are  exposed  to  bulk  aqueous  solutions,  they  
tend  to  dissolve.  The  resulting  solutions  become  supersaturated  
with   respect   to   the   crystal   phase   and   CaCO3   crystals   start  
form.[69,111]  This  mechanism  has  been  extensively  studied  using  
different   techniques  such  as  X-ray  microscopy,[42]   time-resolved  
small-   and   wide-angle   X-ray   scattering,[22]   titration,[69]   electron  
microscopy,[29]  and  isotope  tracing.[118]  It  is  typically  referred  to  as  
dissolution-recrystallization   albeit   CaCO3   crystals   never   formed  
before.  Nevertheless,  to  be  consistent  with  most  literature,  we  use  
this  expression  in  this  review.  

  
  

 
Figure   8.   Crystallization   of   ACC   through   the   dissolution-recrystallization  
mechanism.   (A)   Influence  of   the  NaOH  concentration  on   the   lifetime  of  ACC  
dispersed   in   aqueous   solutions.[86]   (B)  Weight   fraction   of   calcite   (black)   and  
vaterite  (red)  formed  from  ACC  particles  dispersed  in  an  aqueous  solution  as  a  
function  of  the  ACC  particle  size.[69]  (C,  D)  TEM  images  and  SAED  patterns  of  
single-crystalline  (C)  vaterite[119]  and  (D)  aragonite[120]  nanowires  formed  within  
track-etched  nanopores.  Figures  reproduced  with  permission  from  the  American  
Chemical   Society,[69,86]   the   Royal   Society   of   Chemistry,[119]   and   the   National  
Academy  of  Sciences.[120]    

If  ACC  particles  are   in   contact  with  bulk  water,   their   kinetic  
stability   is   primarily   determined   by   the   dissolution   rate   of   ACC  
particles   and   the   nucleation   and  growth   of   new   crystals.   It   has  
been   suggested   that   the   dissolution   of   ACC   particles   at   room  
temperature   is   preceded   by   their   dehydration.[21,29,43,65,113,114]  
However,   the   very   high   activation   energies   of   the   ACC  
dehydration,  that  range  from  50  to  250  kJ/mol,[65]  kinetically  hinder  
this  process  such  that  it  is  questionable  if  ACC  particles  dehydrate  
before   they   dissolve   in   bulk   water.   According   to   the   Noyes-
Whitney  equation,[121]  the  dissolution  rate  can  be  expressed  as    

𝑟 = 𝐴
𝐷
𝑑
(𝐶. − 𝐶0)  

where  r  is  the  dissolution  rate,  A  the  surface  area  of  ACC  particles,  
d   the   distance   over   which   Ca2+   and   CO3

-2   ion   concentration  
gradients   exists,   D   the   diffusion   coefficient   of   ions,   Cs   the  
saturation   concentration  of   ions  with   respect   to   the   solubility   of  
ACC,  and  Cb   the  concentration  of   ions   in  bulk  solutions.  These  
parameters  and  hence  the  dissolution  kinetics  can  be  influenced  
by  the  size[69]  and  degree  of  hydration[29]  of  ACC  particles  as  well  
as   the   crystallization   conditions   such   as   the   pH,[49,122]  
temperature,[25,57]  and  solvent[82,123,124]  of  the  ACC  encompassing  
solution.  For  example,  if  the  ethanol  volume  fraction  in  the  solution  
increases  from  76  vol%  to  98  vol%,  the  time  required  to  dissolve  
ACC  particles  and  form  crystals  increases  from  1.5  h  to  4  days.[123]  
If  all  the  water  is  replaced  by  ethanol,  the  crystallization  time  even  
increases  to  7  days.[124]  Similarly,  ACC  particles  with  smaller  sizes,  
that  are  produced  from  solutions  possessing  a  higher  degree  of  
supersaturation,   display   an   increased   ACC   dissolution   rate  
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compared   to   larger   counterparts.[69,125]   As   a   result,   the   kinetic  
stability  of  small  particles   in  bulk  solutions   is   lower   than   that  of  
bigger  ones.[69]  Remarkably,  the  kinetic  stability  of  ACC  particles  
increases   with   increasing   pH   of   the   synthesis   solution[86,124]  
although   their   solubility   increases[49,122,126]   and   their   size  
decreases,[69]  as  shown  in  Figure  8A.  This  increase  in  the  kinetic  
stability  likely  is  related  to  the  high  concentration  of  hydroxide  ions,  
present   at   high   pHs   that   slows   down   the   formation   of   new  
crystals.[86]  These  examples   illustrate   that   the  kinetic  stability  of  
ACC  against  dissolution  and  the  formation  of  CaCO3  crystals  is  a  
complex   interplay  between  multiple   factors.  Further   studies  are  
warranted   to   relate   the   influence   of   the   different   synthesis  
conditions   to   the   dissolution   of   ACC   particles   as   well   as   the  
nucleation  and  growth  of  new  crystals.  

The   structure   of   CaCO3   crystals   that   form   from   solutions  
containing  ACC  particles  is  primarily  governed  by  the  kinetics  of  
their   dissolution   and   that   of   the   crystal   formation.[29,69,118]   The  
dissolution  kinetics  influences  the  local  degree  of  supersaturation  
with  respect  to  one  of  the  crystalline  CaCO3  polymorphs.  Hence,  
it   also   influences   the   kinetics   of   nucleation   and   growth   of   new  
crystals.[69,122,124]  For  example,  within  the  same  observation  time,  
small  ACC  particles  that  quickly  dissolve  preferentially  transform  
into   vaterite   whereas   larger   ACC   particles   that   dissolve   more  
slowly  tend  to  transform  into  the  calcite,  as  shown  in  Figure  8B.[69]  
However,   if   ACC   particles   are   left   in   solution   for   an   extended  
amount   of   time,   the   final   crystals   always   attain   the  
thermodynamically  most  favorable  structure,  calcite.[21,43,86]    

The  kinetic  stability  of  ACC  in  bulk  solutions  can  be  enhanced  
if   the  solution  is  confined.  This   is  the  case,  for  example,   if  ACC  
particles   are   contained   in   aqueous   cores   of   50   nm   to   1   µm  
diameter   liposomes,[83,127,128]   50   nm   to   200   nm   diameter   rod-
shaped   pores   of   track-etched   membranes,[26]   or   4-10   𝜇 m  
diameter   drops   deposited   onto   self-assembled   monolayers.[129]  
The  confined  volume  restricts  the  transport  of  dissolved  ions  away  
from   the   ACC   surface   thereby   slowing   down   the   dissolution   of  
ACC[129]  as  well  as  the  nucleation  and  growth  of  new  crystals.[130]  
A  slower  crystallization  enables  arresting  crystals  in  a  metastable  
form  that  displays  an  unusual  morphology.  For  example,  if  ACC  
is   contained   in   track-etched   nanopores,   it   can   transform   into  
single-crystalline   vaterite[119]   and   aragonite[120]   nanowires   with  
well-defined  diameters,  as  shown   in  Figures  8C  and  D.  Hence,  
confinement  can  offer  control  over  the  morphology  and  structure  
of  CaCO3  crystals.  

If  ACC  particles  are  exposed  to  humid  air,  they  also  crystallize  
through  a  dissolution-recrystallization  pathway:  Water  contained  
in  the  air  adsorbs  at  the  surface  of  ACC  particles  and  dissolves  
them   such   that   crystals   start   to   form   from   a   supersaturated  
solution.[29,111,112]   Because   the   dissolution   kinetics   of   ACC  
particles  scales  with  the  rate  of  water  adsorbed  at  their  surface,  
their   kinetic   stability   decreases   with   increasing   humidity.[111,112]  
For  example,  if  ACC  particles  are  stored  at  a  relative  humidity  of  
35%,  they  are  stable  against  crystallization  for  more  than  4  hours  
whereas   they  crystallize  within  1  hour   if   the   relative  humidity   is  
increased   to   90%.[111]   Similarly,   the   crystallization   kinetics  
increases  with   increasing  degree  of  hydration  of   the  ACC.[74,108]  
For   example,   if   ACC   particles   are   freeze   dried   to   remove   the  
mobile   water   contained   in   them   and   stored   under   reduced  

pressures  or   in  gastight  vials,   they   remain  amorphous   for  more  
than  150  days.[112]  The  much  lower  amount  of  water  available  to  
dissolve  ACC  also  delays  the  crystallization  kinetics  of  CaCO3:  If  
transformed   under   these   conditions,   metastable   crystalline  
phases,   such   as   aragonite   can   form;;   these   metastable  
polymorphs  do  not  form  in  bulk  solutions  at  room  temperature  in  
the  absence  of  any  additive.[112]    

5.  Additives  

Most  ACC  found  in  nature  contains  various  soluble  additives,  
such   as   Mg2+,   and   acidic   proteins   containing   carboxyl   or  
phosphate  groups.[9]  These  additives  influence  the  formation[131–
133]  of  ACC,  its  structure,[9,96,97]  and  stability[74,123,134,135]  as  well  as  
the   composition,   morphology,   structure,   and   mechanical  
properties   of   the   resulting   crystals.[4,6,136,137]   Inspired   by   nature,  
additives   have   been   extensively   used   to   tune   the   formation   of  
CaCO3   and   thereby   the   properties   of   synthetic   CaCO3-based  
materials.[26,33,120,138,139,139–144]  Some  of  the  influences  of  the  most  
commonly  employed  additives  are  summarized  below.  

5.1.  Mg2+    

If   ACC   is   formed   from   a   highly   supersaturated   solution  
containing   Ca2+,   CO3

2-,   and   Mg2+   ions,   an   ACC   phase  
encompassing   Mg2+   (Mg-ACC)   phase   usually   precipitates  
first.[145–150]   The   formation   of   Mg-ACC   is   thermodynamically  
favored  over  that  of  pure  ACC[151]  because  the  charge  density  of  
Mg2+   is   higher   than   that   of   Ca2+,[152,153]   such   that   the   Mg-ACC  
phase   more   strongly   interacts   with   water.[154]   This   strong  
interaction   increases   the   amount   of   water   contained   in   the  
amorphous  phase[135,155]  such  that  the  free  energy  of  Mg-ACC  is  
lower   compared   to   pure   ACC.   However,   the   kinetics   of   the  
nucleation  and  growth  of  Mg-ACC  is  not  significantly  affected  by  
the   incorporation   of   Mg2+[156]   such   that   the   size   of   Mg-ACC  
particles   is   similar   to   that   of   pure   ACC   ones.[74,157]   The  
composition  of   the  Mg-ACC  phase,  namely   the  amount  of  Mg2+  
that   is   incorporated   into   it,   depends   on   the   solute  
concentration,[158]  and  the  solution  pH.[159]  In  addition,  the  amount  
of  incorporated  Mg2+  depends  on  the  ratio  of  Mg2+:Ca2+  contained  
in   the  solution.[145,147,158,159]  Nevertheless,   the  Mg  addition   is  not  
stochiometric   but   the   ratio   of  Mg2+:Ca2+   in  Mg-ACC  particles   is  
always   below   that   of   the   solution   they   are   produced   from.  The  
preferential  incorporation  of  Ca2+  into  the  amorphous  phase  might  
be   caused   by   the   slow   dehydration   kinetics   of   Mg2+  ions   that  
delays   their   inclusion.[151,160]   In   line   with   this   hypothesis,   the  
incorporation  kinetics  and  hence,  the  fraction  of  incorporated  ions  
increases  with   increasing   radii  of  divalent  cations  such   that   the  
incorporation  efficiency  into  ACC  increases  from  Mg2+  to  Sr2+  to  
Ba2+.[157]    

Due  to  the  difference  in  the  ionic  radii  of  Ca2+  and  Mg2+,  the  
structure  of  ACC  changes  upon  addition  of  Mg2+.  The  average  CN  
and  R  of   the  first  Ca-O  coordination  shell  of  Mg-ACC  has  been  
reported   to   be   distinctly   different   from   that   of   pure   ACC,   as  
determined  with  Ca  K-edge  EXAFS.[98]  This  is  in  contrast  to  more  
recent   43Ca   NMR[101]   and   13C   NMR[159]   studies   that   provide   no  
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evidence  for  any  change  in  the  short-range  order  of  ACC  around  
Ca   atoms   upon   incorporation   of   Mg2+.   Indeed,   PDF   analysis  
suggests  that  the  structure  of  Mg-ACC  is  a  mixture  of  pure  ACC  
and  pure  amorphous  magnesium  carbonate  (AMC)  nanoclusters,  
as  shown   in  Figure  9A.[151]   If   the  molar   faction  of  Mg2+   is  below  
0.48,  ACC  and  AMC  nanoclusters  are  homogeneously  distributed  
within   the  amorphous  particles.[151,159]  Their  distribution  must  be  
further   assessed   if   the   Mg2+   molar   fraction   is   higher.[151,159]  
Magnesium   ions  are  often  employed   to   increase   the  stability  of  
ACC  against  crystallization  in  bulk  solutions.  Indeed,  the  lifetime  
of  Mg-ACC  particles   increases  with   increasing  molar   fraction  of  
Mg2+   in   solution   that   can   lead   to  an   increased  concentration  of  
Mg2+   in  Mg-ACC,   as   shown   in   Figure   9B.[145,147]   The   increased  
lifetime  of  Mg-ACC  has  been  related  to   its  reduced  free  energy  
compared  to  pure  ACC.[151]  However,  the  lifetime  of  ACC  is  solely  
related  to  the  dissolution  and  crystallization  kinetics  and  hence,  it  
is   in   a   first   approximation   independent   of   the   thermodynamic  
stability  of  these  particles.  Indeed,  the  lifetime  of  AMC  is   longer  
than  that  of  ACC,  despite  of  its  lower  thermodynamic  stability.[151]  
The  observed  increased  lifetime  of  Mg-ACC  has  been  related  to  
the  higher  dehydration  energy  of  Mg2+  compared  to  that  of  Ca2+  
that  slows  down  the  dehydration  of  the  amorphous  phase  prior  to  
its  crystallization.[103,151,161,162]  However,  the  high  activation  energy  
associated  with   the  dehydration  kinetically  hinders   this  process  
such  that   it   is  unlikely   to  occur   in   the  presence  of  bulk  water  at  
room  temperature.  Instead,  Mg-ACC  particles  that  are  in  contact  

with   bulk   water   dissolve   and   new   crystals   forms   from   the  
supersaturated  solution.[118]  In  this  case,  the  observed  delay  in  the  
crystallization  of  Mg-ACC  must  be  related  to  its  retarded  kinetics  
of   dissolution   and   the   delayed   nucleation   and   growth   of   new  
crystals.  This  delay  must  be  caused  by  Mg2+  ions  present  in  Mg-
ACC  as  well  as  in  the  bulk  solution.  The  lower  free  energy  of  Mg-
ACC  is  expected  to  reduce  its  solubility  in  aqueous  solutions,[29,151]  
thereby  slowing  down   its  dissolution.  However,   this  expectation  
could  experimentally  not  been  confirmed:  the  dissolution  profiles  
of   pure   ACC   and   Mg-ACC   are   very   similar   if   particles   are  
dispersed   in   pure   water.[135]   Remarkably,   the   addition   of   small  
amount   of   free  Mg2+   ions   significantly   delays   the   dissolution   of  
pure  ACC  particles.[154]  These  results  indicate  that  the  dissolution  
kinetics   is   mainly   influenced   by   free   Mg2+  ions   present   in   bulk  
solutions  rather  than  those  contained  in  Mg-ACC.  Free  Mg2+  ions  
can  also  influence  the  growth  kinetics  of  new  crystals:  These  ions  
can  adsorb  onto   the  surfaces  of  newly   formed  crystals,   thereby  
delaying   or   even   inhibiting   their   growth.[38]   Hence,   the  
crystallization   kinetics   of   the   amorphous   phase   can   be   slowed  
down   by   free   Mg2+  ions.[135,145]   As   a   result   of   the   delayed  
crystallization   kinetics   of   Mg-ACC   particles   observed   in   the  
presence   of   free   Mg2+   ions,   these   particles   are   more   stable  
against   crystallization   than   pure   ACC   ones   not   only   in   bulk  
solutions  but  also  if  stored  in  a  humid  environment,  as  shown  in  
Figure  9C.[74,149,151,158]  

  

 
Figure  9.  Influence  of  Mg2+  ions  on  the  formation  of  CaCO3.  (A)  PDFs  of  the  Mg-ACC  (Ca1-xMgxCO3∙nH2O)  with  different  molar  fractions  of  incorporated  Mg2+  ions  
(x).  The  first  Mg-O  coordination  shell  is  indicated  with  the  red  line  and  the  first  Ca-O  coordination  shell  with  the  black  line.  Their  peak  positions  are  independent  of  
x,  indicating  that  there  is  no  change  in  the  short-range  order  around  Ca  or  Mg  atoms  upon  incorporation  of  Mg2+  ions  into  ACC.[151]  (B)  Influence  of  the  Mg2+:Ca2+  
molar  ratio  in  the  aqueous  solutions  on  the  kinetic  stability  of  Mg-ACC  particles  against  transformation  into  different  crystalline  CaCO3  polymorphs.[147]  (C)  Evolution  
of  the  crystallization  of  pure  ACC  (black)  and  Mg-ACC  (red),  synthesized  from  a  solution  containing  a  molar  ratio  of  Mg2+:Ca2+  of  0.1,  as  function  of  time  when  stored  
in  humid  air  (RH≈  50%).[149]  (D)  Influence  of  the  molar  ratio  of  Mg2+/Ca2+  ions  in  solution  on  the  molar  fraction  of  Mg2+  (XMg2+)  incorporated  in  the  resulting  Mg-calcite  
crystals  formed  through  ion-by-ion  attachment  and  from  Mg-ACC  precursors.  The  molar  fraction  of  Mg2+  ions  present  in  the  resulting  Mg-calcite  are  approximately  
three-fold  lower  if  produced  through  ion-by-ion  attachment  in  the  absence  of  Mg-ACC  precursors.[147]  (E,  F)  DSC  (solid  line)  and  TGA  (dashed  line)  analysis  of  (E)  
pure  ACC  and  (F)  Mg-ACC  that  contains  2.4  mol%  Mg2+.  The  critical  crystallization  temperatures  are  marked  with  arrows.[74]  Figures  reproduced  with  permission  
from  Elsevier,[147,151]  the  Royal  Society  of  Chemistry,[149]  and  John  Wiley  &  Sons.[74]
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Additives  such  as  Mg2+  influence  the  crystallization  kinetics  of  
ACC   in   the  presence  of   bulk  water.   In   addition,   they  affect   the  
structure  of  the  resulting  crystals.  If  the  ratio  of  Mg2+:Ca2+  in  the  
aqueous  solution   is  high,  Mg-ACC  preferentially   transforms   into  
aragonite  or  monohydrocalcite,  as  shown  in  Figure  9B.[145,147]  By  
contrast,   if   the   Mg2+:Ca2+   ratio   is   low,   Mg-ACC   preferentially  
transforms  into  Mg-calcite.[145,147]  Remarkably,  the  molar  fraction  
of  Mg2+  contained  in  Mg-calcite  crystals  is  always  identical  to  that  
in   Mg-ACC   precursors.[147]   This   good   correlation   suggests   that  
Mg-ACC  particles  strongly  influence  the  formation  of  Mg-calcite.  
Their  influence  most  likely  is  related  to  the  ratio  of  Mg2+:Ca2+  ions  
present  in  the  locally  supersaturated  solution  that  scales  with  that  
of   dissolved  Mg-ACC   particles.[147]   By   contrast,   if   Mg-calcite   is  
produced  from  solutions  that  are  supersaturated  relative  to  calcite,  
Mg-calcite   directly   forms   through   ion-by-ion   attachment  without  
the   formation   of   any   Mg-ACC   intermediates.   In   this   case,   the  
molar   fraction   of  Mg2+   in  Mg-calcite   is   approximately   three-fold  
reduced   compared   to   that   in   particles   produced   via   Mg-ACC  
precursors,   as   shown   in   Figure   9D.[147]   This   comparison  
demonstrates   that  higher  amounts  of  Mg2+  can  be   incorporated  
into   Mg-calcite   particles   if   they   form   through   the   dissolution-
recrystallization   of   Mg-ACC.   The   amount   of   incorporated   Mg2+  
influences  the  properties  of  Mg-calcite  crystals  and  hence,  is  an  
important   parameter   that   needs   to   be   closely   controlled   if  
materials   with   well-defined   properties   want   to   be  
synthesized.[145,148,149,163,164]    

The  incorporation  of  magnesium  ions  into  ACC  also  delays  its  
solid-state  transformation:  The  strong  interactions  between  Mg2+  
and   water   molecules   reduce   the   mobility   of   water,[155,160,165]  
thereby  increasing  the  fraction  of  rigid  water  contained  in  Mg-ACC  
compared  to  that  contained  in  ACC.[155]  As  a  result  of  this  stronger  
interactions,  the  activation  energy  for  the  dehydration  of  Mg-ACC  
is  higher  than  that  of  pure  ACC  such  that  the  temperature  where  
Mg-ACC   starts   to   crystallize   is   higher.[74,135]   For   example,   ACC  
containing   2.4   mol%   Mg2+   starts   to   crystallize   around   190   °C,  
while  pure  ACC  crystallizes  around  160  °C,  as  shown  in  Figures  
9  E  and  F.[74]  Despite  of  the  different  crystallization  temperatures,  
the   structure   of   the   resulting   crystals   is   usually   the   same:  
calcite.[74,135]  

5.2.  Other  low  molecular  weight  additives  

Many   other   low   molecular   weight   additives   as   well   as  
phosphates   and   sulfates   are   well-known   to   influence   the   ACC  
formation.  These  additives  typically  contain  functional  groups  that  
display   a   high   affinity   to   Ca2+.[131,132]   For   example,   citrate,   that  
contains   carboxylic   groups,   has   been   reported   to   favor   the  
formation  and  stabilization  of  CaCO3  PNCs,  thereby  delaying  the  
nucleation   of   ACC   particles.[131,132]   Yet,   this   additive   does   not  
change  the  critical  degree  of  supersaturation  such  that  it  does  not  
noticeably  influence  the  size  of  the  resulting  ACC  particles.[166]  A  
similar  behavior  has  been  observed  for  other  carboxyl-containing  
molecules  such  as  aspartic  acid  and  glycine.[157,167]    

Atomic   absorption   spectroscopy   (AAS),   TGA,   and   X-ray  
photoelectron   spectroscopy   (XPS)   suggest   that   carboxy-
containing  low  molecular  weight  additives  are  contained  within  the  
ACC   particles   or   associated   with   their   surfaces.[135,166,167]   By  

contrast,  amino  acid  analysis  did  not  reveal  any  traces  of  aspartic  
acid   within   ACC   particles.[157]   These   results   imply   that   aspartic  
acid   is   preferentially   adsorbed   at   the   surface   of   particles   from  
where   it   can   be   removed   by   thoroughly   washing   them.   This  
implication  is  supported  by  PDF  analysis  that  does  not  reveal  any  
significant   structural   difference   of   ACC   particles   upon   their  
functionalization  with   aspartic   acid,   glycine,   or   citric   acid.[166,167]  
However,  to  conclusively  determine  the  location  of  low  molecular  
weight  additives   that  are  associated  with  ACC  particles,   further  
studies  are  warranted.  

Phosphates  display  a  distinctly  different  behavior:  They  favor  
the  formation  of  CaCO3-rich  liquid  phases  during  the  liquid-liquid  
phase   separation   or   stabilize   these   phases   once   they  
formed.[132,157]   Thereby,   these   additives   increase   the   critical  
supersaturation   concentration   where   nucleation   of   ACC  
occurs,[131,132]   such   that  much  smaller  ACC  particles   form.[74,157]  
Based   on   FTIR   and   31P   solid-state   NMR   analysis,   it   has   been  
suggested  that  phosphate  ions  are  molecularly  dispersed  in  the  
resulting  ACC  particles.[157,168]   However,   these   additives   do   not  
significantly  influence  the  short-  and  medium-range  order  of  ACC.  
The  only  slight  structural  difference  that  could  be  observed  with  
PDF  was  a  broadening  of   the  peak  around  4.1  Å.[74]  Many   low  
molecular   weight   additives   that   possess   a   high   affinity   to   Ca2+  
increase  the  kinetic  stability  of  ACC  particles  if  dispersed  in  bulk  
solutions,   as   shown   in   Figure   10A.[135]   In   particular,  
phosphates,[74]   sulfates,[135]   and   carboxy-containing   molecules  
including   citrate,[166]   phytic   acid,[169]   and   amino   acids   such   as  
glycine,[167]   aspartic   acid,[135,167]   phosphor-serine,[170]   and  
phosphor-threonine[170]  have  been   reported   to  strongly   increase  
the   lifetime   of   ACC   particles.   The   increased   kinetic   stability   of  
these  particles  must  be  related  to  a  delayed  dissolution  of  ACC  or  
a   retarded   formation   of   CaCO3   crystals.   The   influence   of   low  
molecular   additives   on   the   dissolution   rate   of   ACC   particles  
remains  unclear.  By  contrast,  many  of  these  additives,  including  
phosphates,[171,172]   sulfates,[21,172]   citrate,[172]   and   aspartic  
acid[173,174]  are  known  to  slow  down  or  even  inhibit  the  growth  of  
crystals   by   adsorbing   on   their   surfaces.   Indeed,   the   kinetic  
stability   of   ACC   against   crystallization   in   the   presence   of   bulk  
water  increases  with  increasing  ability  of  these  additives  to  inhibit  
crystal  growth.  As  a  result  of  this  correlation,  the  stability  of  ACC  
particles   sequentially   increases   if   functionalized   with   valine,  
asparagine,   glutamic   acid,   and   aspartic   acid   due   to   their  
increasing  affinity  towards  the  CaCO3  crystal  surface,  as  shown  
in  Figure  10B.[175]    

Certain   low   molecular   weight   additives   also   delay   the  
crystallization  of  ACC  particles   that  are  not   in  contact  with  bulk  
water   and   hence   undergo   a   solid-state   transformation.   These  
additives   do   not   significantly   change   the   structure   or   overall  
degree  of  hydration  of  ACC.[74,135,157,166,167]  Instead,  they  strongly  
interact  with  water  contained  in  ACC,  thereby  reducing  its  mobility  
and  hence  increasing  the  energy  barrier  for  dehydration.[74,166,168]  
Therefore   these  additives  enhance   the  stability  of  ACC  against  
solid-state   transformation  such   that   the   temperature   required   to  
initiate   crystallization   is   significantly   higher.[74,135,166,168]   For  
example,  pure  ACC   transforms   into   calcite  at   160   °C,  whereas  
ACC  particles   that  are  synthesized   in   the  presence  of  35  mol%  
citrate   only   crystallize   at   329   °C,   as   shown   in   Figure   10C.[166]  
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Similar   increases   in   the  critical   crystallization   temperature  have  
been  reported  for  ACC  particles  functionalized  with  phosphate[168]  
and  aspartic  acid.[135]    

Certain  low  molecular  weight  additives  not  only  increase  the  
stability  of  ACC,  but  also  influence  the  size,  structure,  morphology,  
and  properties  of   the   resulting  CaCO3   crystals.  For   example,   if  
high  concentrations  of  citrates  are  present  in  bulk  solutions,  ACC  
preferentially   transforms   into   the   stable   calcite   rather   than   the  
metastable  vaterite  phase  because  citrates  delay  or  even  inhibit  
the   growth   of   vaterite.[166,176]   As   the   citrate   concentration  
increases,  the  size  of  the  final  calcite  crystals  decreases  and  their  

morphology   changes   from   typical   rhombohedra   to   elongated  
spheroids   with   rougher   surfaces,   as   exemplified   in   the   SEM  
images  in  Figure  10D.[166,176]  Remarkably,  some  organic  additives,  
such  as  aspartic  acid  or  glutamic  acid  with  a  defined  chirality  can  
even  control  the  chiral  direction  of  spiraling  vaterite  crystals  that  
form   in   their   presence,   as   shown   in   Figure   10E.[177]   Moreover,  
these   low   molecular   weight   additives   can   influence   the  
mechanical  properties  of  the  resulting  crystals:  If  7  mol%  glycine  
or   4   mol%   aspartic   acid   are   incorporated   into   calcite   single  
crystals,   their   hardness   increases   two-fold,   as   shown   in  Figure  
10F.[138]  

  

 
Figure  10.  Influence  of  other  low  molecular  weight  additives  on  the  formation  of  CaCO3.  (A)  Evolution  of  the  UV-vis  transmittance  recovery  as  a  function  of  time  
after  an  aqueous  solution  containing  1  M  CaCl2  is  mixed  with  one  containing  1  M  Na2CO3  in  the  presence  of  200  ppm  poly(styrene  sulfonate)  (PSS),  aspartic  acid  
(Asp),  poly(aspartic  acid)  (PAsp),  bis(2-ethylhexyl)sulfosuccinate  (AOT),  10  mM  Mg2+,  or  2  mM  SO4

2−.The  longer  the  recovery  time  of  the  transmittance  is,  the  higher  
is  the  kinetic  stability  of  ACC  particles  against  crystallization  in  bulk  solutions.[135]  (B)  Influence  of  the  molar  ratio  of  amino  acids:Ca2+  on  the  lifetime  of  ACC  particles  
dispersed  in  an  aqueous  solutions,  measured  as  the  time  where  the  maximum  absorbance  appears  in  turbidimetric  analysis,  for  aspartic  acid  (black),  glutamic  acid  
(red),  asparagine  (blue),  and  valine  (pink).[175]  (C)  TGA  (solid  line)  and  DSC  (dashed  line)  analysis  of  ACC  particles  synthesized  in  the  presence  of  different  amounts  
of  citrate  (CIT).  The  critical  crystallization  temperatures  are  marked  with  arrows.[166]  (D)  SEM  images  of  calcite  crystals  formed  from  ACC  particles  in  the  presence  
of  different  amounts  of  citrate.  The  CIT/Ca2+  molar  ratios  are  indicated  in  the  SEM  images.[166]  (E)  SEM  images  of  toroid  vaterite  crystals  formed  in  the  presence  of  
L-aspartic  acid  that  spiral  counterclockwise  (green)  and  D-aspartic  acid  that  spiral  clockwise  (yellow).[177]  (F)  Influence  of  the  molar  fraction  of  aspartic  acid  (blue)  
and  glycine  (pink)  that  are  incorporated  into  calcite  single  crystals  on  their  hardness.  A  scanning  force  microscopy  image  showing  the  plastic  deformation  of  additive-
functionalized  calcite  is  shown  in  the  inset.[138]  Figures  reproduced  with  permission  from  John  Wiley  &  Sons,[135,166]  the  American  Chemical  Society,[175]  and  Springer  
Nature.[138,177]
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5.3.  High  molecular  weight  organic  additives  

The  formation  of  ACC  can  also  be  influenced  by  certain  high  
molecular  weight  organic  additives.  By  analogy  to  the  influential  
low   molecular   weight   additives,   these   polymeric   additives  
possess  functional  groups  with  a  high  affinity  to  Ca2+.  A  prominent  
example   is   poly(acrylic   acid)   (PAA)   that   strongly   interacts   with  
Ca2+   ions,   thereby  decreasing   the  degree  of   supersaturation  of  
the   solution   and   hence   delaying   the   nucleation   of   ACC.[131]  
Sulfonate   groups   have   a   lower   affinity   towards   Ca2+   than  
carboxylic  groups  such  that  the  influence  of  sulfonate-containing  
additives  such  as  PSS  on  the  ACC  formation  kinetics[132]  and  their  
stability  against  crystallization[123]  is  weaker  than  that  of  carboxy-
containing  counterparts,  such  as  PAA.  The  attractive  interaction  
between  these  additives  and  Ca2+  also  leads  to  the  formation  of  
additive-Ca2+   complexes   with   a   well-defined   morphology.   For  
example,  the  presence  of  PAA  in  Ca2+  containing  solutions  leads  
to   the   formation   of   crosslinked   Ca-PAA   polymer   networks,   as  
shown   in  Figure  11A.[42]  Similarly,   the  presence  of  PSS   in  Ca2+  
containing  solutions  leads  to  the  formation  of  spherical  globules,  
as  shown  in  Figure  11B.[32]  These  complexes  can  also  restrict  the  
ion  transport,  thereby  delaying  the  formation  of  ACC.[42]    

Certain   high   molecular   weight   organic   additives,   such   as  
poly(aspartic  acid)  (PAsp),[33,61]  poly(arginine),[157]  poly(allylamine  
hydro-chloride),[178]  and  ovalbumin[62]  not  only   interact  with  Ca2+  
or  CO3

2-   ions  but  also  induce  the  formation  of  CaCO3-rich  liquid  
phases  or  stabilize   these  phases  after   they   formed.   In  addition,  
these  and  many  other  high  molecular  weight  additives  containing  
multiple  charged  groups  delay  the  ACC  formation  through  one  or  
a  combination  of  these  mechanisms.[132,179–181]  Most  of  them  also  
reduce  the  size  of  the  forming  ACC  particles.[42,123,182,183]    

High  molecular  weight  additives  are  too  big  to  be  incorporated  
into   ACC   particles,   such   that   they   usually   adsorb   on   their  
surfaces.[32,42,72,182]   Hence,   they   can   also   be   added   after   ACC  
particles  are  synthesized.  Indeed,  it  has  been  demonstrated  that  
PAsp   stabilizes   ACC   particles   more   efficiently   against  
crystallization   if   it   is   added   to   the   suspension   after   the   ACC  
particles   have   been   synthesized.[182]   In   both   cases,   the   kinetic  
stability   of   ACC   particles   against   dissolution-recrystallization  
increases   with   the   concentration   of   high   molecular   weight  
additives   present   in   the   solution   during   their   synthesis.[42,50,182]  
The   resulting   additive   shells   delay   or   even   inhibit   the   ACC  
dissolution,  if  they  are  in  contact  with  bulk  water.[42,50]  They  also  
hinder  the  diffusion  of   ions  from  the  dissolving  ACC  particles  to  
the  forming  CaCO3  crystals,  thereby  retarding  their  growth.[32,182]  
Similar  delays  in  the  crystallization  of  ACC  particles  are  observed  
if   they   are   coated   with   an   inorganic   shell,   silica,   as   shown   in  
Figure  11C.[65,184]  Moreover,  the  growth  of  the  CaCO3  crystals  can  
be   further   slowed   down   if   certain   organic   additives,   such   as  
PAsp,[185]   that   display   high   affinities   to   the   crystal   surfaces   are  
present.  These  results  indicate  that  certain  high  molecular  weight  
additives  stabilize  ACC  particles  by   reducing   the  kinetics  of   the  
dissolution-recrystallization  process.    

Some   high   molecular   weight   additives   also   influence   the  
structure,  size,  and  morphology  of  the  resulting  CaCO3  crystals.  
For  example,  at  low  concentrations,  PAsp  promotes  the  formation  
of   calcite.[182]   With   increasing   PAsp   concentration,   the   size   of  

calcite   crystals   decreases   and   their   morphology   changes   from  
typical   rhombohedra   that   possess   smooth   facets   to   those   with  
rounded   and   rough   surfaces.[185]   If   the   PAsp   concentration   is  
further   increased,   vaterite   forms.[182]   A   similar   effect   on   the  
morphology  of  calcite  is  observed  in  the  presence  of  PSS:  At  high  
PSS  concentrations,  faces  of  the  calcite  crystals,  that  are  typically  
flat,  become  concave,  as  shown  in  Figure  11D.[186,187]  

  

 
Figure  11.  Influence  of  high  molecular  weight  organic  additives  on  the  formation  
of   CaCO3.   (A)   X-ray   microscopy   image   of   Ca-PAA   complexes.[42]   (B)   TEM  
images  of  Ca-PSS  globules.[32]  (C)  TEM  images  of  ACC  particles  coated  with  a  
silica  shell.[184]  (D)  SEM  image  of  a  calcite  crystal  synthesized  from  an  aqueous  
solution  containing  5  mM  Ca2+  ions  in  the  presence  of  0.5  g  L-1  PSS  displaying  
a  concave  surface.[186]   (E)  DSC  analysis  of  PSS-functionalized  ACC  particles  
that  are  synthesized  in  solutions  encompassing  a  molar  ratio  of  PSS:Ca  of  1:4  
(solid  line)  and  1:32  (dashed  line).  The  critical  crystallization  temperatures  are  
marked  with  arrows.[123]  Figures  reproduced  with  permission  from  the  American  
Chemical   Society,[42,184]   Springer   Nature,[32]   John   Wiley   &   Sons,[186]   and  
Elsevier.[123]    

Certain   high   molecular   weight   additives   also   influence   the  
kinetic  stability  of  ACC  against  solid-state  transformation.  These  
additives   typically   possess   a   high   affinity   towards   water   and  
hence,  reduce  the  mobility  of  water  associated  with  ACC,[30]  even  
though  they  do  not  significantly  change  its  hydration.[123,135,157,182]  
As  a  result  of  the  reduced  water  mobility,  the  temperature  required  
to   induce   a   solid-state   transformation   of   ACC   is   markedly  
increased.  For  example,  the  critical  crystallization  temperature  of  
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ACC   particles   increases   from   277   °C   to   362   °C   if   they   are  
synthesized  from  a  bulk  solution  containing  a  PSS  :  Ca  ratio  of  
1:4,   as   shown   in   Figure   11E.[123]   Similarly,   the   crystallization  
temperature  of  PAA-functionalized  ACC  particles  increases  with  
increasing  amount  of  PAA  added  during  their  synthesis.[123]    

 
Figure  12.  Synergic  effects  of  multiple  types  of  additives  on  the  formation  and  
composition  of  ACC.  (A)  Evolution  of   the  concentration  of   free  Ca2+   ions   in  a  
carbonate-buffered  solution  (pH  =  9.75)  upon  continuous  addition  of  a  CaCl2-
containing  solution   that  does  not  contain  any  additives   (blue),  contains  PAsp  
(green),  Mg2+  (red),  or  PAsp  and  Mg2+  (black).  The  total  concentration  of  Ca2+  
ions  added   to   the  solution   is   indicated  by   the  dashed   line.  The  points  where  
ACC  starts  to  form  are  marked  with  arrows.[188]  (B)  The  molar  ratio  of  Mg2+:Ca2+  
in  Mg-ACC  as  function  of  the  molar  ratio  Mg2+:Ca2+  in  a  solution  that  does  not  
contain  any  additional  additives  (blue),  contains  0.025  M  glutamic  acid  (green),  
0.05   M   glutamic   acid   (black),   or   0.1   M   glutamic   acid   (red).[189]   Figures  
reproduced  with   permission   from   the  Royal  Society   of  Chemistry[188]   and   the  
National  Academy  of  Sciences.[189]    

In  summary,  many  additives  strongly  influence  the  formation  
of  ACC  and  hence,   its  structure,  hydration,  and  stability  against  
crystallization.  These  additives  also  influence  the  size,  structure,  
and  morphology,  and  hence,  the  properties  of  the  forming  CaCO3  
crystals.  If  multiple  types  of  additives  are  simultaneously  present  
during  the  crystallization  of  CaCO3,  an  even  closer  control  over  
the   crystallization   process   can   be   achieved.   For   example,   the  
formation  of  ACC  is  delayed  more  efficiently  if  Mg2+  is  added  to  
PAsp-containing  solutions  that  are  supersaturated  with  respect  to  
ACC,  as  shown  in  Figure  12A.[188],[59]  Similarly,  the  amount  of  Mg2+  
that   is   incorporated   in  Mg-ACC   and   hence,   also   in  Mg-calcite,  
increases   if   certain   low   molecular   weight   carboxyl-containing  
additives   are   present   during   its   synthesis,   as   shown   in   Figure  
12B.[189]   The   increased   Mg2+   concentration   influences   the  
mechanical   properties   of   Mg-calcite.[164,190]   A   better  
understanding  of  potential  synergic  effects  of  different  additives  
on   the   composition,   structure,   hydration,   and   stability   of   ACC  
would  further  our  understanding  on  the  CaCO3  crystallization   in  

nature.  This  understanding  would  offer  a  superior  control  over  the  
crystallization  process  and  hence  the  properties  of   the  resulting  
CaCO3-based  materials.  

6.  Conclusion  

Nature   produces   CaCO3–based   functional   materials   that  
display   a   fascinating   combination   of   properties.   The   unique  
control   nature   possesses   over   these   properties   is   most   likely  
related   to   the   excellent   control   over   the   structure   and   local  
composition   of   CaCO3   that   is   obtained   by   closely   tuning   the  
crystallization   process,   for   example   using   soluble   additives.[4–6]  
Even   though   a   lot   of   excellent   work   has   been   performed   to  
elucidate  biomineralization  processes,   it   is  still  not  entirely  clear  
how   nature   controls   the   formation   of   CaCO3.   This   lack   in   our  
understanding  is  in  parts  related  to  the  complex  conditions  under  
which   nature   produces   these   materials.[4,5]   To   gain   a   deeper  
understanding   on   the   crystallization   of   CaCO3   and   thereby   a  
better  control  over  the  formation  of  these  materials,  CaCO3  has  
been   synthesized   in   the   laboratory   by   systematically   varying  
synthesis   conditions   in   the  presence  and  absence  of  additives.  
These   studies   significantly   furthered   our   understanding   of   the  
CaCO3   formation.  However,  we  are   far   from  understanding   the  
influence   of   all   synthesis   conditions   and   additives   on   the  
crystallization   of   CaCO3   such   that   we   cannot   control   its  
composition,  structure,  and  morphology,  and  hence  the  properties  
of  resulting  CaCO3–based  functional  materials  to  a  similar  extent  
as  nature.  

In   natural   and   synthetic   systems,   CaCO3   crystals   typically  
form   from  ACC  precursors.   The   formation   of   these   amorphous  
precursors   has   been   described   with   classical   nucleation   and  
growth  models  as  well  as  with  non-classical  models.  The  exact  
mechanisms   by   which   ACC   forms   are   still   debated,   in   parts  
because  it  is  difficult  to  experimentally  probe  early  stages  of  the  
CaCO3   formation  with  a  sufficiently  high  simultaneous   temporal  
and  spatial  resolution.[47]  Nevertheless,  it  is  clear  that  water  plays  
an  important  role  in  the  different  stages  of  CaCO3  formation.  Our  
understanding  of  the  thermodynamic  and  kinetic  roles  of  water  in  
the  formation  of  ACC,  its  structure  and  crystallization,  has  been  
rapidly  expanded  in  the  last  decade.  An  important  reason  for  this  
progress   is   the   use   of   advanced   experimental   characterization  
techniques  and  MD  simulations  that  offer  insights  into  the  CaCO3  

formation   and   crystallization   with   a   much   higher   temporal   and  
spatial  resolution  than  was  possible  before.  These  studies  reveal  
two  types  of  water  molecules  that  can  be  encompassed  in  ACC:  
mobile  and  rigid  water.  The  ratio  of  mobile  to  rigid  water  is  crucial  
to  determine  the  short-  and  medium-range  order  of  the  structures  
of  ACC  and  its  kinetic  stability  against  crystallization.    

Many  synthesis  conditions  such  as  the  solute  concentrations,  
pH,  and  temperature  of  the  solution  as  well  as  the  solvent  choice  
have  been  shown  to  influence  the  formation  of  ACC  particles,  their  
structure,   hydration,   and   crystallization   kinetics.   However,   the  
exact   reasons   for   this   correlation   between   the   synthesis  
conditions  and  the  structure  and  properties  of  the  forming  CaCO3  
phases  are,   at   least   in  parts,   still   unclear.  Synthesis   conditions  
likely  influence  the  amount  and  type  of  water  that  is  incorporated  



REVIEW          

 
 
 
 
 

in  ACC  and  hence,  its  structure  and  stability  against  crystallization.  
These  parameters  have  been  shown  to  influence  the  structure  of  
the  final  CaCO3  crystals  that  form  from  ACC.  Some  similar  effects  
can  be  achieved  if  the  crystallization  of  CaCO3  is  controlled  with  
certain  additives.  However,  further  studies  on  the  influence  of  the  
synthesis   conditions   and   additives   on   the   formation   of   CaCO3,  
including   the   amount   and   type   of   water   contained   in   it   are  
warranted  to  gain  a  more  holistic  understanding.    

A  cautiously  chosen  combination  of  additives  offers  an  even  
better  control  over  the  crystallization  process  and  hence,  over  the  
composition,  morphology,  structure,  and  properties  of  the  forming  
CaCO3  crystals   than   individual  additives  do.  However,  synergic  
effects  of  additives  only  start  to  be  systematically  explored,  such  
that  we  currently  cannot  fully   leverage  this  feature  to  the  extent  
nature  can.  An  improved  understanding  of  these  synergic  effects  
that  likely  are  also  influenced  by  the  synthesis  conditions,  would  
open  up  new  possibilities  to  design  CaCO3-based  materials  with  
mechanical  properties  that  more  closely  resemble  those  of  natural  
counterparts  with  similar  compositions.  
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Inspired   by   the   fascinating   properties   of   biomineral-based  materials   produced   by  
nature,  a  lot  of  work  has  been  dedicated  to  studying  the  formation  of  biominerals.  In  
this  review,  we  summarize  the  current  understanding  on  the  formation  of  CaCO3,  one  
of  the  most  abundant  biominerals.  We  put  special  emphasis  on  the  roles  of  water  in  
mediating   the   formation   of   CaCO3,   an   often   overlooked   aspect   that   is   of   high  
relevance.  
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