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Materials and methods 6 

TableS1: Chemical conditions of the Nd cement-sample preparation for µ-XAS 7 

measurements  8 

Material 
(hydrated cement) 

Abbreviation Nd loading 
(µmol Nd / g 

solid) 

Hydration 
time 

(days) 

Method 

Sample 1 
 

Sample 2 
 

Sample 3 
 

Sample 4 
 

Sample 5 
 

Sample 6 
 

Portlandite 
 

Sample 8 
ROI 1 
ROI 2 
ROI 3 
ROI 4 
ROI 5 
ROI 6 
ROI 7 
ROI 8 
ROI 9 

 
Sample 9 

ROI 1 
ROI 2 
ROI 3 

CEMHYD-15M-26 
 

CEMHYD-1-26 
 

CEMHYD-28-26 
 

CEMHYD-200-26 
 

CEMSORB-1-26 
 

CEMSORB-28-26 
 

PORTSORB-1-26 
 
 

CEMHYD-28-26-ROI-1 
CEMHYD-28-26-ROI-2 
CEMHYD-28-26-ROI-3 
CEMHYD-28-26-ROI-4 
CEMHYD-28-26-ROI-5 
CEMHYD-28-26-ROI-6 
CEMHYD-28-26-ROI-7 
CEMHYD-28-26-ROI-8 
CEMHYD-28-26-ROI-8 

 
 

CEMHYD-200-26-ROI-1 
CEMHYD-200-26-ROI-2 
CEMHYD-200-26-ROI-3 

26 
 

26 
 

26 
 

26 
 

26 
 

26 
 

26 
 
 

26 
26 
26 
26 
26 
26 
26 
26 
26 

 
 

26 
26 
26 

15 min. 
 

1 
 

28 
 

200 
 

1 
 

28 
 

1 
 
 

28 
28 
28 
28 
28 
28 
28 
28 
28 
 
 

200 
200 
200 

bulk-XAS 
 

bulk-XAS 
 

bulk-XAS 
 

bulk-XAS 
 

bulk-XAS 
 

bulk-XAS 
 

bulk-XAS 
 
 

µ-XAS 
 
 
 
 
 
 
 
 
 
 

µ-XAS 
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Details of the µµµµ-XRF, bulk / µµµµ-XAS data reduction 1 

Higher harmonics of the primary energy were suppressed by a Si reflecting strip on a 2 

vertical focusing mirror after the monochromator (DUBBLE beamline at ESRF) and by 3 

detuning from the maximum incident intensity (beamline 10.3.2 at ALS). Reduction and 4 

modelling of the XAS data was performed with the ATHENA/ARTEMIS package (1, 2). 5 

After background subtraction, the energy was converted to photoelectron wave vector 6 

units (Å-1) by assigning the ionization energy of the Nd LIII-edge (6208 eV), E0, to the 7 

first inflection point of the absorption edge. Radial structure functions (RSFs) were 8 

obtained by Fourier transforming k3-weighted χ (k) functions in the range 1.4 - 10.6 Å-1 9 

using the Kaiser-Bessel window function with a smoothing parameter of 4. Single-shell 10 

fits were performed in real space across the range of the first and second coordination 11 

shell (∆R = 1.25 – 4.0 Å) to determine the coordination number, N, the bond length, R, 12 

and the Debye-Waller (DW) factor, σ2
, using the amplitude reduction factor, S0

2, fixed at 13 

1.0 to correctly reproduce the number of neighboring atoms in the structural reference. 14 

Note that S0
2 = 1.0 agrees with earlier studies of Nd coordination in water (3). The 15 

interatomic distances, coordination numbers, and DW factors were allowed to vary in the 16 

single-shell analysis. In a subsequent step multi-shell fits were performed by using the 17 

estimated data from the single-shell analysis. The fitting parameters were treated as in the 18 

first shell fits except that σ2 was fixed for the second shell using the data from the single-19 

shell fits. The latter was necessary due to strong correlation of the Si and Ca 20 

backscattering contributions for the second shell. The DW of the first Nd-O shell was 21 

allowed to vary in the multi-shell analysis. Theoretical scattering paths for the fits were 22 

calculated using FEFF 8.20 (1, 4) and the structure of 11 Å tobermorite (5). 23 
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1. Derivation of the EXAFS model 1 

 Three different fitting models with the corresponding crystallographic R-factors 2 

as obtained from ATHENA/ARTEMIS were used for the F-tests. The R-factor measures 3 

the misfit between modeled and experimental Fourier transformed (FT) spectra. The 4 

square root of the calculated R-factor in ATHENA/ARTEMIS is given here as R as 5 

suggested elsewhere (6). In order to simplify the discussion, the crystallographic R-6 

factors for the fits using models (1) and (2) were labeled as R1 and the crystallographic R-7 

factor for the fits using model (3) was labeled as R0. 8 

Model (1): Fitting the EXAFS data using a oxygen shell at R + ∆R ~ 2.4 Å and a Si shell 9 

at R + ∆R = 3.7 – 3.75 Å.  10 

Model (2): Fitting the EXAFS data using a oxygen shell at R + ∆R ~ 2.4 Å and a Ca shell 11 

at R + ∆R = 3.75 – 3.8 Å 12 

Model (3): Fitting the EXAFS data using a oxygen shell at R + ∆R ~ 2.4 Å, a Si shell at R 13 

+ ∆R = 3.7 – 3.75 and a Ca shell at R + ∆R = 3.75 – 3.8 Å.  14 

The confidence level, α, that a fit that yields a crystallographic R-factor R0 is a 15 

better fit than the fit that yields a residual R1 can be calculated (6-8) according to equation 16 

(1) : 17 

, ,( ) 1 ,
2 2b n m x

n m b
P F F Iαα −

− = > = −   
              (1)                                                             18 

,where P represents the probability (in %), ,
2 2x

n m b
I

− 
  

 is the incomplete regularized 19 

beta function, the parameter x is given by 
2

0

1

R
x

R

 
=  

 
, b is the difference in the degrees of 20 

freedom between the fits, which were compared; n is the number of independent data 21 
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points as calculated by the Stern`s rule (9) and m is the number of fit parameters. Model 1 

(3) has 8 independent parameters, that are coordination number, N, (3 parameters), and 2 

bond-distances, R, (3 parameters) of the oxygen, Si and Ca shells, DW factor of the 3 

oxygen shell (1 parameter) and the correlated E0 (1 parameter). The models (1) and (2) 4 

have each 6 independent parameters, that are N (2 parameters) and R (2 parameters) of 5 

the oxygen, Si or Ca shells, DW factor of the oxygen shell (1 parameter) and the 6 

correlated E0 (1 parameter). The maximum number of free parameters describing the 7 

signal was estimated by applying the Stern`s rule in the chosen windows in the k- and R 8 

spaces, NInd. = 2∆k∆R/π + 2, where NI. is the number of relevant independent points, ∆k is 9 

the range of k-space being fit, and ∆R is the width of the characteristic frequency in the 10 

FT. For this study the fits were performed in the k-range of the Fourier transform of ∆k = 11 

1.40 - 10.60 Å-1 and the R-range for the fit was ∆R = 1.25 – 4.0. The maximal number of 12 

components (or free parameters) describing the EXAFS signal was estimated to be 16.1. 13 

In no case did the number of parameters that were varied during fitting procedure exceed 14 

the limit given by the Stern`s rule. 15 

The significance of statistical F-tests can be illustrated on the basis of the results 16 

for bulk-XAS measurements on Nd doped cement samples equilibrated for 28 and 200 17 

days. Table S2 shows the calculated crystallographic R-factors (and the corresponding 18 

square root of the R-factor in the parentheses), the calculated parameter x and the 19 

probability for Nd doped cement samples reacted for 28 and 200 days and 26 µmol Nd / g 20 

solid phase (CEMHYD-28-26 and CEMHYD-200-26). 21 
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For CEMHYD-200-26 the fits yielded crystallographic R-factors of R0 = 0.032 1 

(model (3)), R1 = 0.092 (models (1) and 0.072 (model (2)) (Table S2). The modelled and 2 

measured EXAFS spectra appear very similar (Figure not shown).   3 

Using n − m = 10.1, where n is the maximum number of free parameters as 4 

calculated by the Stern’s rule, m is the number of fit parameters used for the fit with 5 

crystallographic R-factor R0 (fit assuming model (3)), and b = 2 (b is the difference in the 6 

number of free parameters of the fits being compared, i.e. fits resulting in 7 

crystallographic R-factors R0 and R1) in Eqn. (1) yielded confidences of 94 % and 88 % 8 

that, in the case of CEMHYD-200-26 fits assuming model (3) are better than the fits 9 

assuming models (1) and (2), respectively.  10 

 11 

Table S2. Calculated crystallographic R-factors, the corresponding square root of the R-12 

factors, the calculated parameter x and the probability for selected Nd doped cement 13 

samples reacted for 28 and 200 days and 26 µmol Nd / g solid phase (CEMHYD-28-26 14 

and CEMHYD-200-26) using 05.5
2

=
− mn

 and  1
2

=
b

. 15 

Sample Time 
(days) 

Calculated crystallographic R-factor Calculated 
parameter x 

Calculated 
probability 

  model (1) / 
R1 

1 
model (2) 
/ R1  

model (3) 
/ R0 

x(1)
2
 x(2)

3 a(1)
4
 

(in %) 
a(2)

5 

(in %) 
CEMHYD-
200-26 
 

200 0.092 / 
0.303 

0.072 / 
0.268 
 

0.032 / 
0.178 
 

0.587 
 

0.664 
 
 

94 
 
 

88 
 
 

CEMHYD-28-
26 
 

1 
 

0.074 / 
0.272 

0.062 / 
0.249 

0.044 / 
0.209 

0.768 
 

0.839 
 

74 
 

59 

1 The calculated crystallographic R-factors and the corresponding square root of the 16 

calculated R-factor. 17 

2 calculated parameter x: 
2

0

1

R
x

R

 
=  

 
for model (3) vs. model (1) 18 
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3 calculated parameter x: 
2

0

1

R
x

R

 
=  

 
for model (3) vs. model (2) 1 

 2 

4 calculated probability a: 




 −
−=

2
,

2
1

bmn
Ia x  for model (3) vs. model (1) 3 

5 calculated probability a: 




 −
−=

2
,

2
1

bmn
Ia x  for model (3) vs. model (2) 4 

 5 
For CEMHYD-28-26 fits assuming model (3) yielded confidences of 74 % and 59 6 

%, thus suggesting that the presence of Ca atoms at longer distances does improve the 7 

fitting. The confidence that model (3) proves better than models (1) and (2) is high (up to 8 

94%). Additional justification for the presence of Ca and Si can be based on structural 9 

arguments. To this aim, the structure of non-doped 11 Å tobermorite was considered and 10 

assumed to be a suitable model for poorly ordered C-S-H, e.g. (10, 11). 11 

The layered structure of tobermorite is built up of sheets of seven coordinated Ca 12 

polyhedra, which are condensed by wollastonite-type silicate chains on both sides. In the 13 

tobermorite structure each Ca position is surrounded by both Si and Ca atoms. Because 14 

the ionic radius of Nd3+ (0.983Å in sixfold coordination) is comparable to that of Ca2+ 15 

(1.00 Å and 1.07 Å for six- and sevenfold coordination, respectively) (12), Nd could 16 

substitute for Ca in the structure of C-S-H phases. Assuming Nd-Ca replacement in the 17 

crystal structures of 11 Å tobermorite and as analogues in the amorphous C-S-H structure 18 

at Ca positions in the Ca sheets results in Nd - O, Nd - Si and Nd - Ca distances of RNd-O  19 

~ 2.37 - 2.46 Å, RNd-Si  ~ 3.65 - 3.85 Å and RNd-Ca ~ 3.7 - 3.9 Å (e.g. structural data were 20 

taken from elsewhere (5)). Note that lanthanides and trivalent actinides incorporation 21 

(e.g. Eu(III) and Cm(III)) into the Ca sheets of C-S-H was already suggested from 22 

previous studies (13, 14). The latter finding is in agreement with the proposal that 23 

neighbouring Si and Ca atoms have to be included in the fitting and therefore supports 24 
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EXAFS data fitting using model (3). Based on the crystallographic data on non-doped 1 

crystalline C-S-H (e.g. 11 Å tobermorite) and the results from the F-test, we assume that 2 

a model, which includes three shells (i.e., O, Si and Ca atoms) as in model (3), is suitable 3 

to reproduce backscattering contributions from neighboring atoms in the structure of C-S-4 

H phases. This model was also applied recently in EXAFS investigation of Eu(III) taken 5 

up by amorphous C-S-H phases (13).  6 

 7 
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Results and discussion 1 
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Figure S1: Nd / Ca correlation plot. The correlation plot in Figure S1 depicts the 3 

normalized Nd Lα signal versus normalized Ca Kα signal from a 1500 x 700 µm2 area. 4 

The Nd / Ca-correlation lies mainly within the fan defined by these two lines and 5 

the plot demonstrate the contrast between Nd and Ca distributions. The line in 6 

the figure is a guidetotheeye with slopes 1.6. 7 

 8 

 9 



 10 

 1 

 2 

 3 

 4 

100 µµµµm

a b

 

 5 

FiguFiguFiguFigure S2re S2re S2re S2:::: a) Overview map and b) µ-XRF elemental distribution maps of Nd (green) 6 

and Ca (red) for the Nd doped HCP samples with a w / c ratio of 0.4, a hydration time of 7 

28 days and a final metal concentration of 26 µmol Nd / g solid phase. The bright spot in 8 

Figure S2 stems from silver alloy and was used for orientation.9 



 

2 4 6 8 10

90

70

80

50

60

40

30

20

10

 

 

 

 k3 χχ χχ
(k

)

k(Å-1)

0

2 4 6 8 10

 

 k (Å-1)

90

70

80

50

60

40

30

20

10

 k3 χχ χχ
(k

)

0

a b c

0 2 4 6

1.0

0.5

 

 

 

PORTSORB-1-26

F
T

(k
3 χχ χχ

(k
))

R + ∆∆∆∆R(Å)

 

-SPOT 5
CEMHYD-28-26

-SPOT 6
CEMHYD-28-26

-SPOT 7
CEMHYD-28-26

-SPOT 8
CEMHYD-28-26

-SPOT 9
CEMHYD-28-26

CEMHYD-15M-26

CEMHYD-1-26

0.0



Figure S3: a) k3-weighted spectra and b) the corresponding RSFs of experimental (solid 1 

line) and fitted (dashed and doted lines for the imaginary and the real part, 2 

respectively) Nd LIII-edge experimental spectra for µ-EXAFS and bulk-3 

EXAFS measurements of selected Nd doped HCP samples with a 4 

water/cement ratio of 0.4, varying reaction time (15 min., 1 day and 28 days) 5 

and total metal concentrations of 26 µmol / g solid phase, and Nd doped 6 

portlandite; c) k3-weighted EXAFS function for the Fourier-backtransform 7 

spectra obtained from Figure S1b (range: R + ∆R = 1.7-4.0). 8 
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