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14 Abstract 

15 Understanding the microstructure of low calcium aluminosilicate hydrate (C-A-S-H) 
16 and calcium containing sodium aluminosilicate hydrate (N(-C)-A-S-H) is essential for 
17 the performance prediction and therefore manufacturing of geopolymers, or more 
18 broadly, chemically activated aluminosilicate cements. This study aims to reveal their 
19 atomic ordering and molecular structure using synthetic C-A-S-H/N(-C)-A-S-H gels at 
20 low Ca/Si (0-1.0) and Si/Al (1-2) ratios. By high energy XRD with pair distribution 
21 function (PDF) analysis, TEM, and 29Si/27Al NMR analysis, it discovers that Ca 
22 concentration is a more governing factor than Al to the overall Si/Al evolution of gels. 
23 The formation of distinct Q1 and Q2 structural units is at the conditions of Si/Al > 1.75 
24 and Ca/Si ≥ ~0.2-0.5. Ca and Al exhibit synergistic/antagonistic effect on Si tetrahedral 
25 units: Al increases Q4 (enhancing polymerization), while Ca promotes Q2 (improving 
26 ordering) but reduces Q3 (decreasing connectivity). An estimation calculation formula 
27 linking the proportion of Q4 sites to Si/Al and measured Ca/Si ratios of products is 
28 established to simplify the determination of C-A-S-H and N(-C)-A-S-H gel proportions 
29 in alkali-activated systems (including low-Ca hybrid alkaline cement). The new 
30 insights and discovery of C-A-S-H and N-A-S-(H) gel microstructure enables future 
31 work of better understanding the relationship between phase composition and 
32 geopolymer performances. The findings elucidate the interactions and mechanisms of 
33 elemental composition governing gel evolution, with implication for geopolymer 
34 manufacturing and application.

35

36 Keywords: alkali-activated cement; geopolymer; calcium aluminosilicate hydrate (C-
37 A-S-H); sodium aluminosilicate hydrate (N-A-S-H); microstructure

38
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39 1. Introduction

40 Geopolymer, or more broadly, chemically-activated cement, is widely regarded as 
41 greener alternative to ordinary Portland cement (OPC) due to the lower CO2 emission 
42 in process and the valorization of industrial wastes 1–3. The reaction mechanisms of 
43 geopolymers generally involve three steps, including dissolution of aluminosilicates, 
44 gel nucleation, and polycondensation 4. The products are either calcium containing 
45 sodium aluminosilicate hydrate (N(-C)-A-S-H) for low Ca precursors, calcium 
46 (alumino)silicate gels (C-A-S-H) for high Ca precursors, or a mixture of them when 
47 blended precursors are used 5. Designing and manufacturing a durable geopolymer 
48 remains challenging due to compositional variability in precursors and curing 
49 procedures 6–8.

50 Geopolymer is known to be susceptible to a variety of harmful degradation phenomena, 
51 including shrinkage, micro-cracking and large creep 9–11. Given that the gels in 
52 geopolymers are mostly amorphous, it is likely that their stability is partly responsible 
53 for the various degradation mechanisms. From a thermodynamic point of view, (nano) 
54 crystal gels are more stable than amorphous ones, so the formed C-A-S-H and N(-C)-
55 A-S-H gels are inherently less thermodynamically stable than the products of OPC. Ye 
56 and Radlińska 12 found that the incorporation of alkali cation might reduce the 
57 regularity of C-A-S-H layer stacking through ionic size differences, making C-A-S-H 
58 easier to collapse and redistribute during drying. This leads to a special concern on the 
59 shrinkage and creep issues of geopolymers. In addition, the increase of aluminum is 
60 accompanied by the increase of alkali ions, as the deficit due to the replacement of Si4+ 
61 with Al3+ ions in a tetrahedral structure at the bridging site must be balanced through 
62 the adsorption/binding of alkali cations at interlayer 13. Zhang et al. 14 recently proposed 
63 the concept of phase engineering and as a demonstrate, they added calcined layered 
64 double hydroxide (CLDH) powder as seed into the slag-based geopolymer, 
65 transforming the microstructure from typical amorphous gel into more ordered C-A-S-
66 H gel and more hydrotalcite nanocrystals. The mechanical properties and water 
67 retention of geopolymers doped with nanocrystalline seed were improved, and the 
68 autogenous shrinkage and drying shrinkage were significantly reduced 15.

69 The alternation of atomic composition and molecular structure of C-(A)-S-H and N(-
70 C)-A-S-H is the most fundamental reason that affects performances of geopolymers, 
71 apart from the coagulation mode of gel particles. Increasing the Ca/Si ratio leads to 
72 more stacking layers in the main sheets and thicker nanoscale structural units, which 
73 significantly reduces the specific surface area16. When the Ca/Si ratio increases from 
74 0.6 to 1.6, the specific surface area decreases from approximately 430 m2/g to 180 
75 m2/g17. In addition, increasing Ca/Si ratio results in a thicker and more fibrillar gel 
76 morphology18. When Al is incorporated, the increased negative charge density and the 
77 formation of interlayer aluminate hydrates lead to larger basal spacing and interlayer 
78 distances in the gel19,20. As the Al/Si ratio increases from 0 to 0.05 and then to 0.2, the 
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79 specific surface area first rises from ~50 m2/g to ~110 m2/g, but subsequently drops to 
80 ~150 m2/g21. For decalcified samples, the specific surface area keeps increasing from 
81 about 120~220 m2/g to 350~650 m2/g when Al content increases.

82 Li et al. 22 found that the addition of metakaolin provided additional soluble Si and Al 
83 to the reaction system and reduced the concentrations of Na+ and OH- in the pore 
84 solution. This led to the early formation of N(-C)-A-S-H gel, delayed the formation of 
85 C-A-S-H and the development of pore structure, and slowed down the driving force of 
86 autogenous shrinkage. Wang et al. 23 found that the decrease of the Ca/Si ratio of C-A-
87 S-H from 1.2 to 0.8 slightly increased the creep coefficient, which can lead to a lower 
88 creep deformation. When the Al/Si ratio decreased from 0.3 to 0, the creep coefficient 
89 increased or first increased and then decreased. The negative effect of Al addition on 
90 creep maybe come from the higher crosslinking degree of aluminosilicate structure, 
91 which is not clear. Myers et al. 24 proposed a C-A-S-H model to describe the 
92 compositional continuum of geopolymer gels. However, the atomic-scale structure, 
93 particularly the roles of Ca and Al in the Al-rich and Ca-deficient environment, remain 
94 incompletely validated. Advanced characterization techniques, such as high-energy 
95 XRD and PDF analysis, have revealed the local ordering in C-S-H for OPC and C-A-
96 S-H/N-A-S-H gels for alkali-activated GGBS/metakaolin 25,26. White et al.27 used PDF 
97 to identify distinct Si-O-Si/Si-O-Al bond-length distributions in alkali-activated GGBS 
98 pastes. They found that the calcium and aluminum content in the raw materials would 
99 both reduce the degree of (alumino)silicate polyhedra connectivity. These findings 

100 emphasize the necessity and demand for fundamental research on gels at atomic-scale.

101 Moreover, previous research has found that the gel phases with different Ca/Si and 
102 Si/Al ratios can exist simultaneously 28,29. Walkley et al. 30 found that the rise of Al 
103 content promoted the formation of calcium carboaluminate AFm phases and generated 
104 additional N-A-S-H gel. However, at Ca/Si ratio less than 0.8, the evolution of gels, the 
105 structure of the Si-O-Si/Si-O-Al unit, and Al substitution in gel framework remain 
106 unclear, due to the changes in elemental composition and the complicate effect of Al 
107 and Ca. In addition, the diversification of precursor preparation and selection methods 
108 can enhance the incorporation of aluminum into the gel structure 31. However, the 
109 coexistence of gels in aluminum-rich environments remains unclear.

110

111 This study aims to reveal the intrinsic microstructure of C-A-S-H and N(-C)-A-S-H 
112 gels. Here, N(-C)-A-S-H means a N-A-S-H gel without or with low concentration of 
113 Ca present in various forms. To achieve this goal, gels with controlled Ca/Si and Si/Al 
114 ratios are synthesized via chemical precipitation method. The effects of Ca/Si ratio, 
115 Si/Al ratio and reaction age on molecular structure and morphological evolution of C-
116 A-S-H and N(-C)-A-S-H gels are investigated using high energy XRD plus PDF, TEM 
117 and ²⁹Si/²⁷Al NMR analysis. Al coordination and its impact on gel crosslinking are 
118 discussed together with mean chain length via Qⁿ speciation analysis. The findings of 
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119 this paper are of great significance for understanding the formation of various 
120 geopolymer gels at different calcium, sodium, silicon and aluminum contents, and 
121 provides critical insights into geopolymer formulation design.

122 2. Experimental program

123 2.1 Raw materials 

124 In this study, N(-C)-A-S-H and C-A-S-H gels were synthesized by sol-gel method. 
125 Previous studies have confirmed that the synthetic gels could represent similar 
126 structural properties to those obtained in geopolymer and related alkali-activated 
127 cements 29,32,33.The chemical reagents used in the experiment included sodium 
128 metasilicate nonahydrate (Na2SiO3·9H2O), calcium nitrate tetrahydrate 
129 (Ca(NO3)2·4H2O), aluminum nitrate nonahydrate (Al(NO3)3·9H2O) and sodium 
130 hydroxide (NaOH). The above reagents were analytically pure, and the experimental 
131 water was laboratory ultra-pure water. Two ratios of Si/Al were set as 1.0 and 2.0 in 
132 this experiment to simulate high and low Al products. The Ca/Si ratios were set as 0, 
133 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0, respectively, to represent no calcium to low calcium 
134 products. 

135 2.2 Gel synthesis

136 150 mL of Na2SiO3 solution and 150 mL of a mixed solution of Ca(NO3)2 and Al(NO3)3 
137 were prepared according to the molar composition in Table 1 at 20℃. The mixed 
138 solution of Ca(NO3)2 and Al(NO3)3 was gradually added into Na2SiO3 solution using a 
139 peristaltic pump at a rate of 2 mL/min, accompanied by continuous stirring. At 
140 relatively low pH value (< 12.5), the content of SiO2 and the degree of polymerization 
141 in the formed gel can be higher than the typically gel in Portland cement, and silica gel 
142 may be formed in the absence of calcium 33. Thus, to keep the pH of the reaction 
143 solution above 13, NaOH solution was added to Na2SiO3 solution. The mixed solution 
144 was left to react for 1 day, 28 days and 90 days before solid-liquid separation. The 
145 separated solid was then washed multiple times using deionized water of about 1 L each 
146 time to remove the unreacted substances. It is worth noting that residual unreacted 
147 species may remain in the filtrate. Previous studies have shown that in synthetic gels 
148 with Si/Al ratios ranging from 1 to 3, over 95% of the aluminum is incorporated into 
149 the reaction products34. This indicates a strong affinity of aluminum for incorporation 
150 into the solid N-A-S-H gel structure. After being washed and filtered by filter paper 
151 with a pore size of 74 μm, the solid samples were vacuum-dried and stored in a vacuum 
152 container under ambient temperature conditions. It should be noted that the actual 
153 elemental composition of the gel may not be the same as the designed composition. The 
154 subsequent molecular structure analysis will be based on the measured Ca/Si ratios.

155

156
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157

158 Table 1 Molar composition of synthetic gels

Si/Al Ca/Si Si/Al Ca/Si
0 0
0.1 -
0.2 0.2
0.3 -
0.4 0.4
0.5 0.5
0.6 0.6
0.7 -
0.8 0.8

2

1.0

1

1.0
159

160 2.3 Gel characterization

161 2.3.1 Normal X-ray diffraction (XRD) analysis

162 Normal XRD analysis was conducted using X’ Pert Powder X-ray diffractometer, using 
163 Cu-Kα radiation with λ = 0.154 nm. The scanning range was 5° to 60° 2θ with a step 
164 size of 0.02° and a scanning speed of 2°/min.

165 2.3.2 High energy XRD test plus pair distribution function (PDF) analysis

166 The synchrotron radiation was applied for X-rays scattering on the BL13w and SSRF-
167 BL14B1 beam lines at room temperature, at the Shanghai Synchrotron Radiation 
168 Facility (SSRF). Each powder sample was placed into a cylindrical borosilicate glass 
169 tube with diameter of 1 mm. Then the tube was sealed, mounted, and rotated several 
170 times to calibrate the position. The test time for each sample varied between 15-30 min, 
171 depending on the test energy. Two energy levels were used: 69.5 keV with radiation λ 
172 =0.178 Å and 18 keV with radiation λ=0.6887 Å. The data was calibrated using a CeO2-
173 filled tube and an empty tube. The program Fit2D was used for the data conversion 
174 from 2D to 1D 35. In PDF analysis, G(r) is obtained by taking a sine Fourier transform 
175 of the measured total scattering function, S(Q), where Q is the momentum transfer. The 
176 PDF data were obtained using PDFgetX3 36, with a Qmax of 10-20 Å−1.

177 2.3.3 Fourier transform infrared (FTIR) spectra analysis

178 For FTIR test, 0.001 g of the powder sample was mixed with 0.1 g of dried potassium 
179 bromide (KBr), followed by gentle grinding and pressing into a transparent pellet. FTIR 
180 spectra were acquired using a Thermo Scientific IS10 spectrometer (Thermo Fisher 
181 Scientific, USA). The spectra were recorded over the range of 4000 to 400 cm⁻¹ at a 
182 resolution of 2 cm⁻¹, with a total of 64 scans co-added.
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183 2.3.4 Scanning electron microscope (SEM) analysis

184 The powder sample was dispersed onto a pre-cut carbon tape strip, gently purged with 
185 nitrogen gas to eliminate any loosely adhered particles, and subsequently sputter-coated 
186 with gold to ensure adequate electrical conductivity. Imaging was conducted using a 
187 TESCAN-MIRA3 LMH field emission scanning electron microscope operated at an 
188 accelerating voltage of 20 kV and equipped with a One Max 20 detector for energy 
189 dispersive spectrometer (EDS) analysis.

190 2.3.5 Transmission electron microscope (TEM) analysis

191 TEM analysis was conducted by using Themis Z TEM instrument with an energy 
192 dispersive spectrometer (EDS) detector. Test with the energy of 80 kV and the pixel 
193 resolution < 0.136 nm was carried out. The morphology and the elemental composition 
194 of specific region of the powder sample could be acquired.

195 2.3.6 27Al and 29Si Magic-angle Spinning Nuclear Magnetic Spectroscopy (MAS NMR) 

196 MAS NMR experiments were performed on Bruker AVANCE III 600 spectrometer at 
197 a resonance frequency of 119.2 MHz. The spectra with high-power proton decoupling 
198 were recorded on a 4 mm probe with a spinning rate of 10 kHz, a π/4 pulse length of 
199 2.6 μs, and a recycle delay of 40 s. Deconvolution was performed using a Gauss–
200 Lorentzian curve for each component. The peaks of spectra were identified, and the 
201 background was removed. The deconvolution was between -70 ppm and -120 ppm for 
202 27Si spectra, and -10 ppm and 90 ppm for 27Al spectra, to investigate the 
203 interaction/coordination between various Si and Al species. 

204

205 3. Results and discussion

206 3.1. Phase assemblies of synthetic gels

207 The XRD patterns of the synthetic gels are given in Figure 1. The impact of Ca content 
208 on gel structure ordering (crystallinity) is evident. At 1 day, for the gels with the 
209 designed Si/Al atomic ratio of 2, when Ca/Si≤0.2, a wide diffraction hump appears near 
210 29° 2θ, without other characteristic peaks. This indicates that the synthetic products are 
211 amorphous phase. The location and shape of the peak is consistent with the diffraction 
212 peak of hydration products in alkali-activated metakaolin or low-calcium fly ash 
213 geopolymers 37–39, indicating that the synthetic gels are similar to those N-A-S-H gels. 
214 When the Ca/Si ratio increases to 0.3, a diffraction peak with low intensity appears at 
215 29°, which gradually becomes sharper and stronger with the increase of Ca/Si ratio, 
216 accompanied by a decrease in the diffraction hump of N-A-S-H gel. When Ca/Si ratio 
217 reaches to 0.4, weak but clear characteristic peaks appear at 29°, 31°, 50° and 55°. 
218 These characteristic peaks are corresponding to C(-A)-S-H gel phases (PDF#00-029-
219 0331 40 and PDF#00-030-0227), and the intensities of diffraction peaks are gradually 
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220 enhanced with the increase of Ca/Si. The characteristic peaks at ~27°, 32° and 39.4° 2θ 
221 can be attributed to katoite. When katoite contains Si, peaks should occur within the 2θ 
222 value range of ~39.6° to ~40°, thus it is inferred that the katoite here is silica-free 
223 (C3AH6, ICSD 94630) 41. In addition, no new diffraction peaks appear in the synthetic 
224 gels with Ca/Si >1.0, according to our last research 29. For the gels with the designed 
225 Si/Al ratio of 1, the center of the broad diffraction hump still appears at 29° 2θ, which 
226 means the systems obtain a homogeneous gel as those at Si/Al=2. The C-A-S-H 
227 diffraction peak appears at 90 days, which is much later than that appears at 1 day, 
228 Si/Al=2. In general, the XRD peaks of the synthetic gels change regularly as the Ca/Si 
229 ratio increases from 0 to 1.0. 

230

231  

232               (a)                               (b)

233  

234 (c)                               (d)
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235  

236 (e)                               (f)

237 Figure 1. XRD patterns of synthetic gels after reaction for (a-b) 1 day, (c-d) 28 days, 
238 and (e-f) 90 days at Si/Al ratio of 1 and 2.

239 The results of XRD analysis show that N-A-S-H gel is gradually transformed into 
240 hydrated calcium aluminosilicate gel with the increase of Ca/Si, and the initial broad 
241 diffraction hump is transformed into a sharp diffraction peak. C-(A)-S-H is composed 
242 of nanocrystals and amorphous matrix. These nanocrystals exhibit a distinct layered 
243 structure. Based on the results of SEM images (see Appendix A), it can be observed 
244 that as the Ca/Si ratio increases, the Si/Al ratio decreases, and the reaction time 
245 increases, some thin sheet-like and needle-like products with better crystallinity appear 
246 in the gel. This indicates that the increase of Ca/Si leads to the gradual ordering of 
247 synthetic gel. Si et al. 42 investigated the effect of calcium content on alkali-activated 
248 metakaolin. They found that the incorporation of calcium ions can re-order the atomic 
249 structure of the alkali-activated materials and enhance the crystallization. Gao et al. 43 
250 found that with the increase of slag content, the alkali-activated paste showed a lower 
251 content of newly formed Q4 groups in the main products. The alkali-activated slag-fly 
252 ash system can change from N-A-S-H gel to C-A-S-H gel, with the increase of Ca 
253 concentration in precursors. A large amount of calcium ions particles promoted the 
254 formation of C-A-S-H gel phase. 

255 A new finding is the time dependency of crystallization of N-A-S-H gel. As the reaction 
256 time increases to 28 and 90 days, zeolite phase (Na88Al88Si104O384(H2O)220, PDF#01-
257 070-2168) is detectable for gels with Ca/Si<0.4. The crystallinity of C-A-S-H also 
258 improves. This means that even in a sol-gel reaction condition (much more 
259 homogeneous than real geopolymerization systems), both N-A-S-H and C-A-S-H 
260 undergo slow reorganization of structure, becoming more ordering. It implies that for 
261 geopolymer and such materials application, this phase reorganization must be 
262 considered at low Ca/Si conditions. In addition, a reduction of Si/Al ratio leads to 
263 broadened diffraction peaks of gels, demonstrating that Al incorporation induces 
264 structural disorder in the gel network and disrupts the long-range structural ordering.
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265 The incorporation of alkali metals leads to significant modifications in the solid-phase 
266 composition. E. L’Hôpital et al. 41 found that C-S-H, strätlingite, katoite and aluminium 
267 hydroxide could be observed without alkali metals at Si/Al ratios of 3 to 5 and Ca/Si 
268 ratios of 0.8 to 1. While in the presence of potassium ions, the reaction products are 
269 dominated by substantial C-A-S-H gel and katoite, with very small amount of 
270 strätlingite and portlandite. Walkley el al. 30 found that N-A-S-H, C-A-S-H, AFm type 
271 phases, and portlandite at Si/Al ratios of ~6.6 to ~20 and Ca/Si ratios of ~0.7 to ~1.1 in 
272 the present of Na. In this study, at the low Si/Al ratios of 1 to 2, zeolite can be identified 
273 at Ca/Si ≤ 0.4, while katoite can be observed at Ca/Si ratios of 0.5 to 1. This finding is 
274 essential for the understanding of macroscale performances of such low Ca/Si and Si/Al 
275 cementitious materials. 

276

277 3.2. Atomic ordering of C-A-S-H and N(-C)-A-S-H gels

278 Figure 2 shows the X-ray total scattering patterns of synthetic gels. In comparison with 
279 the XRD results in Figure 1, there are more detailed diffraction peaks found in low 
280 Ca/Si ratios, such as 0.2 and 0.4. This means the high energy diffraction is more 
281 effective to identify local structure of C-A-S-H and N(-C)-A-H gels.

282  
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283

284 Figure 2. X-ray total scattering functions of gels: (a) Si/Al = 2 and (b) Si/Al = 1.

285

286 To further investigate the local atomic ordering within the microstructure of gels, PDF 
287 analysis is applied, and the quantitative analysis results are shown in Figure 3. The date 
288 below ~1 Å (below the first Si/Al−O correlation) are the result of experimental noise, 
289 imperfect background correction and termination error 44. The PDF peaks located at 
290 below ∼5 Å are related to the atom−atom correlations of amorphous phase of the tested 
291 materials. The peak between 4 and 5 Å is difficult to allocate due to the overlapping 
292 atom-atomic correlation in this region, while the peak at ~ 4.3 Å may be attributed to 
293 the second Si/Al−O atom-atomic correlation 27. The features in the range of 5≤r≤8 Å 
294 provides the middle range ordering of gels, and those at 10≤r≤40 Å can give the long-
295 range ordering. The nanocrystalline ordering of gels could show at large r values, i.e., 
296 6≤r≤40 Å 26,45. 

297 The first peak at ~1.65 Å is comprised of contributions of Si−O and Al−O bonds. The 
298 Al here might be tetra-coordinated, because the VAl−O bond distances can be longer 25. 
299 At Ca/Si=0, the first Si/Al−O peak is sharper when Si/Al ratio is lower, especially at 
300 long age (see Fig.3 (e) and (f)). It indicates that the disorder of this coordination 
301 environment has decreased with increasing Al and the atomic arrangement tending of 
302 N-A-S-H gel towards the ideal lattice position with time. 
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303 The addition of Ca makes this atom-atom correlation distance smaller. Soyer-Uzun et 
304 al. 46 found that as the Ca concentration or the age increased, the Si−Si/Al peak moved 
305 towards a higher r value and becomes narrower, which indicates higher extent of 
306 crystallization 46. However, this can also be attributed to the increase in aluminum 
307 content in the amorphous phase. The atom-atom correlation at ~1.72 Å can be attributed 
308 to Al−O, which was slightly larger than Si−O distance in tetrahedrally coordinated 
309 silica (~1.60 Å) 25,26,45. Thus, the shift of Si/Al−O towards a lower r with increasing Ca 
310 concentration is mainly affected by the reduced amount of Al in gel, which counteracts 
311 the effect of gel polymerization on the first Si/Al−O peak. In addition, in comparison 
312 to the samples with Si/Al=1, this Si/Al−O peak for those with Si/Al ratio of 2 shows a 
313 greater extent of decline with increasing Ca concentration. Thus, the addition of Ca 
314 seems to have a great effect on Si/Al−O bond in the sample with less Al content.

315 The second peak are contributed by Ca−O, O−O and Si−Si/Al correlation. The Ca−O 
316 correlation is at ~2.35 Å, and the O-O correlation is at ~2.65 Å. The Si−Si/Al 
317 correlation at ~3.15 Å is associated with the bonds between tetrahedral Si units and 
318 tetrahedral or higher coordination Al 25. White et al. 47 compared the differences 
319 between high alkali-activated metakaolin and low alkali-activated slag. The Si/Al−O 
320 and Si−Si/Al peaks were sharper when Ca concentration was absent. Similarly, the 
321 effect of Ca−O correlation gradually appears and becomes more evident with the 
322 increase of Ca/Si ratio, causing a significant shift in the second peak, especially when 
323 Si/Al=2. The second Ca−O correlation becomes evident at ~4.5 Å 48. In Fig. 4(b), the 
324 Si−Si/Al peak moves to higher r values with the increase of Ca and the decrease of Al. 
325 The intensity of the Si-Si/Al correlation in C-(N)-A-S-H gel represents the connectivity 
326 of the silica and alumina units 27. Thus, Si/Al ratio seems to have a greater impact on 
327 the connectivity of aluminosilicate gel compared to Ca or Na on that when Ca/Si ≤ 0.4.

328 White et al. 26 found that C-A-S-H and C-S-H gels were both nanocrystalline, with only 
329 minor differences above 5 Å. However, Figure 3 shows that gels with Ca/Si≤0.5 exhibit 
330 almost no long-range ordering beyond 8 Å, confirming their amorphous nature, 
331 especially when the reaction time is short. This confirms that for gels with low Ca 
332 content and high Al content, the features at large r values show significant differences. 

333 The framework connectivity (degree of polymerization) of gel, e.g. 
334 (Si−Si/Al)/(Si/Al−O) ratio, is calculated for analyzing the aluminosilicate gels. 
335 Accurately determining this ratio necessitates the clear identification of both the 
336 Si−Si/Al and Si/Al−O peaks, thereby a minimum test energy of ~58 keV (λ = 0.2114 
337 Å)27 is required for this calculation. The connectivity values are 0.426 for Ca/Si=0.2, 
338 Si/Al=1 at 1 day, 0.382 for Ca/Si=0.4, Si/Al=2 at 1 day, and 0.355 for Ca/Si=0.4, 
339 Si/Al=2 at 90 day, respectively. With the increase of calcium, the decrease of aluminum 
340 and the increase of age, the gel connectivity declines. These connectivity values are 
341 close to that in alkali-activated metakaolin (~0.4) and alkali-activated slag pastes 
342 (0.2~0.6) but higher than that in C-S-H gel 25–27,47,49. 
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343

344  

345 (a)

346  

347 (b)

348  

349 (c)
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350  

351 (d)

352  

353 (e)

354

355 (f)

356 Figure 3. X-ray total scattering functions of gels with Si/Al = 2 and Si/Al = 1 after 
357 reaction for (a-b) 1 day, (c-d) 28 days, and (e-f) 90 days.

358
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359

360

361  

362     (a)                               (b)

363 Figure 4. (a) X-ray scattering patterns and (b) PDFs of gels tested at 69.5 keV 
364 conditions.

365

366 3.3. Micromorphology of phase assemblies

367 Fig. 5 and Fig. 6 respectively show the TEM images of synthetic gels with different 
368 Ca/Si ratios from 1 day to 90 days. It confirms that the Ca/Si ratio plays a critical role 
369 in the morphology and phase composition of synthetic gels. At 1 day, when Si/Al ratio 
370 is 2, the increasing Ca/Si ratio induces notable structural changes. The N-A-S-H gel 
371 displays a cotton-like structure, as shown by TEM-EDS. When Ca/Si = 0.2, irregular 
372 granular structures emerge. Although this new phase contains a certain amount of 
373 calcium (Ca/Si ratio of 0.26), the actual measured Si/Al ratio of 1.5 and the presence of 
374 sodium make it more likely to be N(-C)-A-S-H gel rather than C-A-S-H gel. It is noted 
375 that the calcium-free cotton-like N-A-S-H gel coexists with this granular phase. At 
376 Ca/Si=0.4, calcium-free N-A-S-H gel disappears. N(-C)-A-S-H and C-A-S-H gels seem 
377 coexist without phase separation, accompanied by actual Ca/Si ratio increasing to 0.38, 
378 Na/Si ratio decreasing to approximately 0.1 and Si/Al ratio remaining unchanged. 
379 Previous study has also found that phase separation still exists at 1 day when Ca/Si ratio 
380 is 0.4 29, however, comparing with the findings in this study, phase separation principle 
381 should be Si/Al ratio dependent. This highlights the importance of the role of Al in 
382 determining the phase morphology and assembly. When Ca/Si increases to 0.8, the 
383 detected phase Si/Al ratio significantly increases to ~2.5, featuring irregular granular 
384 and lamellar characteristics, confirmed as C-A-S-H gel. It is proven that N-A-S-H and 
385 N(-C)-A-S-H dominates in low-calcium systems with Ca/Si<0.4.

386 Similar trends are observed in samples with designed Si/Al=1. The Ca-free N-A-S-H 
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387 gels exhibit a uniform cotton-like structure. When the Ca/Si ratio increases to 0.2, a 
388 uniform particle phase of N(-C)-A-S-H can be obtained. Compared to that with the 
389 same initial Ca concentrate but Si/Al=2, the detected Si/Al ratio is reduced to 
390 approximately 1.25, and the Ca/Si ratio decreases to 0.18. The results indicate a 
391 competitive incorporation mechanism of Al and Ca into the gels. Form samples of Ca/Si 
392 ≥0.4, the gels transition to C-A-S-H gradually with a low Na concentration. When the 
393 reaction time is 1 day, Na still exists in the gel with a Na/Si ratio of ~0.15. At 90 days, 
394 the Na concentration becomes extremely low. This demonstrates the progressive 
395 expulsion of Na from the system over time with increasing Ca concentration. While the 
396 low detected Si/Al ratio of 1.7 suggests the existence of N(-C)-A-S-H or calcium 
397 aluminate hydrate (AFm) phases. Thus, N(-C)-A-S-H and C-A-S-H coexist with 
398 morphological differences only under specific Si/Al and Ca/Si ratios at early age, 
399 heavily depends on reaction time and Ca concentration. 

400 The Si/Al ratio also affects gel stability and phase evolution. When Ca/Si=0, with 
401 increased aluminum incorporation, a reduction in the Na/Si ratio is observed, 
402 suggesting potential Na⁺ substitution by Al³⁺ in the structure. At a low Si/Al ratio, gels 
403 show greater homogeneity, with N(-C)-A-S-H forming at Ca/Si = 0.2. 

404 After 90 days of reaction, phase separation completely disappears in all the calcium-
405 containing samples. The gel structure of N-A-S-H remains cotton-like and becomes 
406 denser. The low-calcium system shows smaller granular structures over time, 
407 accompanied by the disappearance of cotton-like N-A-S-H structures. When the Ca/Si 
408 ratio increases to 0.8, the gel exhibits a mixed structure of foil-shaped and granular 
409 forms. Long reaction age prevents N-A-S-H gel from existing as a stable, separate phase 
410 in calcium-containing systems. While the residual Na and low Si/Al ratios at 90 days 
411 still suggest the possible existence of N(-C)-A-S-H gel framework, which may become 
412 morphologically mixed with C-A-S-H gel.
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413
414 Figure 5. TEM images of synthetic gels with designed Ca/Si ratios of (a) 0, (b) 0.2, (c) 
415 0.4, and (d) 0.8 at 1 day and 90 days when Si/Al=2. 
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416

417 Figure 6. TEM images of synthetic gels with designed Ca/Si ratios of (a) 0, (b) 0.2, (c) 
418 0.4, and (d) 0.8 at 1 day and 90 days when Si/Al=1.
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419

420 Table 2 Atomic percentage ratios of synthetic gels with various designed Si/Al and 
421 Ca/Si ratios after reaction for 1 day and 90 days as measured by TEM-EDS mapping.

Designed 
Si/Al 

Designed 
Ca/Si 

Age 
(d)

Detected 
Si/Al 
ratio

Detected 
Na/Si 
ratio

Detected 
Ca/Si 
ratio

1 1.27 0.49 -0

90 1.26 0.70 -

1-B1 1.38 0.65 -

1-B2 1.47 0.26 0.13

0.2

90 1.48 0.22 0.20

1 1.71 0.07 0.380.4

90 2.35 0.01 0.37

1 2.56 - 0.62

2

0.8

90 2.94 - 0.68

1 1.35 0.47 -0

90 0.96 0.46 -

1 1.35 0.40 0.180.2

90 1.19 0.02 0.32

1 1.27 0.11 0.330.5

90 1.69 0.01 0.51

1 1.43 0.03 0.47

1

0.8

90 1.98 0.04 0.77

422

423 3.4. Functional Group Analysis by FTIR

424 Figure 7 and Figure 8 present the FTIR spectra of samples with different Ca/Si ratios 
425 cured for 1 day and 90 days, respectively. The characteristic band assignments of the 
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426 main functional groups can be identified across the spectra.

427 For all samples, a broad band located at approximately 2900-3700 cm-1 is attributed to 
428 the stretching vibration of O–H (ν O–H) groups associated with vibration water and 
429 structural hydroxyls in products50. The spectrums also feature a band at around 3620 
430 cm-1, which corresponds to the O–H stretching of silanol groups. Meanwhile, the band 
431 around ~1640 cm⁻¹ corresponds to the deformation vibration (δ O–H) of free water and 
432 chemically bound water51,52. With decreasing Ca/Si ratio, the intensity of the O–H 
433 stretching band becomes slightly enhanced, indicating an increase in bound water or 
434 hydroxyl-containing gel phases.

435 The band at approximately 1400-1500 cm-1 is assigned to the stretching vibration of C–
436 O bonds in CO3

2- groups53, suggesting the presence of carbonate species formed by 
437 carbonation during curing or sample preparation. The intensity of this band becomes 
438 slightly more pronounced at higher Ca/Si ratios, implying that Ca-rich systems seem be 
439 more susceptible to carbonation. 

440 In the range of 840-1200 cm-1, a prominent band corresponding to the asymmetric 
441 stretching vibration of Si–O–T (T = Si or Al) bonds54,55 can be observed, which is 
442 associated with the aluminosilicate network in C-N-A-S-H/N-A-S-H gels. As the Ca/Si 
443 ratio increases, this band gradually shifts toward lower wavenumbers, indicating a 
444 reduction in the polymerization degree of the aluminosilicate framework and the 
445 progressive incorporation of Ca into the gel structure, leading to the formation of C-N-
446 A-S-H gel. In contrast, samples with lower Ca/Si ratios exhibit relatively higher 
447 wavenumbers, reflecting a more polymerized N-A-S-H–dominated network.

448 The bands at ~720 cm-1 correspond to the deformation vibrations of Si–O–Al linkages 
449 within the aluminosilicate framework 51,56. The bands located at approximately 660 cm-

450 1 are attributed to the deformation vibrations of Si–O–Si bonds57. The bands in the 
451 region of 550-620 cm-1 correspond to the deformation vibrations of Si–O–T linkages 
452 within the aluminosilicate framework52,54. In addition, the bands located at 
453 approximately 550 cm-1 are attributed to the deformation vibrations of Si–O bonds in 
454 SiO4 tetrahedra58. These bands are present in all samples, confirming the formation of 
455 tetrahedrally coordinated silicate structures and the incorporation f Al into products. 

456 Comparing the two systems, both Si/Al = 2 and Si/Al = 1 samples exhibit similar 
457 functional group characteristics; however, the band positions in the Si–O–T region 
458 show slightly lower wavenumbers for the Si/Al = 2 system, indicating a relatively lower 
459 degree of silicate polymerization and Al involvement. Overall, the FTIR results 
460 demonstrate that the gel structure evolves from a highly polymerized aluminosilicate 
461 network toward a Ca-modified aluminosilicate gel with increasing Ca/Si ratio.
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462

463 Figure 7. FTIR spectra for samples reacted for 1 d.

464
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465

466 Figure 8. FTIR spectra for samples reacted for 90 d: (a) Si/Al = 2, and (b) Si/Al = 1.

467

468 3.5. Molecular structure of product 

469 3.5.1 Al status in N(-C)-A-S-H and C-A-S-H

470 The 27Al MAS NMR spectra for the synthetic gels after the reaction for 1, 28, and 
471 90 days are shown in Fig. 9. Two types of aluminates, four-coordinate Al(IV) at 50-80 
472 ppm and six-coordinate Al(VI) at 0-20 ppm, are found in the synthetic gels. The 
473 spectrum primarily features tetrahedrally coordinated Al sites. When the Ca/Si ratio of 
474 gel is low, bridged silicate species tend to be replaced by Al(IV) species; when the 
475 Ca/Si ratio is high, more Al(VI) and Al(V) species might appear 59. However, Al(V) 
476 cannot be detected in this research, which might be due to the low incorporation amount 
477 of Ca.

478 3.5.1.1 Al(IV) species

479 The tetrahedrally coordinated Al sites is the predominant form in gels. In this study, the 
480 resonance at about 61.5 ppm is assigned to Al(IV) species in N-A-S-H gel, which could 
481 also be found in zeolite 60. Walkley et al. 61 found that the Al(IV) resonance at δcg = 
482 62.4 ppm could be attributed to Si(IV)−O−Al(IV) linkages in N-A-S-H gel, which is 
483 balanced by Na+ or extra-framework Al(IV) species.

484 In C-A-S-H gel, the presence of multiple Al(IV) species has been reported. Small 
485 cations charge-compensating aluminates induce lower Al resonance frequencies, 
486 whereas larger cationic species result in higher resonance frequencies 62. This arises 
487 from those large cations (e.g., Ca2⁺) disrupt the coordination sphere symmetry through 
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488 long-range electrostatic fields. Previous studies have identified that the Al resonances 
489 observed at 60-75 ppm may originate from Q2(1Al) bridging site units. In addition, the 
490 resonance at ~58 ppm can be attributed to Al in Q3(Al) units (cross-linking sites) 19. 
491 Specifically:

492 (1) The resonance at ~75 ppm represents bridging Al(IV) species charge-balanced 
493 by nearby Na+ ions 63, Ca2+ ions 59 or interlayer/surface Al(VI) and Al(V) 
494 species 19.

495 (2) The resonance at 66-68 ppm is attributed to bridging Al(IV) charge-balanced 
496 by ½ Ca²⁺ together with H3O+ groups 63 or by small ions (e.g., H+) 59.

497 (3) The resonance at ~61 ppm is attributed to bridging Al(IV) balanced by 
498 interlayer Ca²⁺ ions either alone or in combination with Na⁺ ions 63. While the 
499 resonance at 62 ppm may represent Q3 coordinated Al 64.

500 The Al(IV)-a site appearing at the relatively high chemical shift of ~68 ppm is assigned 
501 to Q2 Al at chain-bridging sites balanced by ½ Ca²⁺ together with H3O+ icons or by H+ 
502 ions. This is consistent with the decreasing trend of Al(IV)-a with the increase of 
503 calcium content. The Al(IV)-c site at ~61 ppm is attributed to bridging Q2 Al charge-
504 balanced via interlayer Ca²⁺ ions or combinations of interlayer Ca²⁺ and Na⁺ ions. The 
505 Al(IV)-c site at ~61 ppm is also assigned to Al(IV) species in N-A-S-H gel. The Al(IV)-
506 d site at ~58 ppm is attributed to the cross-linked Q3

 Al site. The Al resonance 
507 associated with pairing Al(IV) is not taken into account because pairing Al is 
508 energetically unfavored and a consensus has not been reached 65.

509 3.5.1.2 Al(VI) species

510 A low Si/Al ratio may lead to the formation of secondary phases, such as zeolites, 
511 katoite (Ca3Al2(OH)12), calcium aluminate hydrate (AFm) phases (e.g., strätlingite, a 
512 siliceous AFm-type phase, 2CaO·Al2O3·SiO2·8H2O), and alumina gel (Al(OH)3). The 
513 Al(VI)-a and Al(VI)-b sites occur with the increase of reaction age and Ca/Si ratio. This 
514 indicates that these Al(VI) sites are affected by Ca concentration. The Al(VI)-a site at 
515 ~12 ppm can be attributed to aluminates of the AFt phase 63, AFm phase 24, or katoite 
516 41. The Al(VI)-b site at ~10.5 ppm can be attributed to AFm phase (e.g., hemicarbonate, 
517 Ca4Al2(OH)13·0.5CO3·xH2O; monocarbonate, Ca4Al2(OH)12·CO3·xH2O;  hydroxy-
518 AFm phase, C4AH13; C2AH6) 19,30, calcium aluminate hydrates (CaAl2(OH)8·6H2O, 
519 Ca2Al2(OH)10·3H2O, and Ca4Al2(OH)14·6H2O), katoite, or siliceous hydrogarnets 41,63. 
520 In addition, Al(IV)-b′ at ~63 ppm is assigned to the Al within strätlingite 19 when Si/Al 
521 = 2. The match proportion of Al(VI)-a and Al(IV)-b′ species proves that they are both 
522 belong to AFm phase. To deconvolute the overlapping signals of Al(IV)-c and Al(IV)-
523 b′ in the ~61-63 ppm region, the Al(VI)-a peak serves as a key reference. Both Al(VI)-
524 a and Al(IV)-b′ are associated with the AFm phase, which is preferentially formed in 
525 samples with a higher Si/Al ratio. Therefore, the presence of Al(VI)-a provides indirect 
526 evidence for the existence of Al(IV)-b′. This assignment is further supported by the 
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527 distinctly sharper shape of the Al(IV)-b′ peak.

528 However, when Si/Al ratio is 1, after reaction for 90 days, the proportion of the peak 
529 Al(IV)-b at ~63 ppm reaches the highest and is disproportionate to that of Al(VI)-a at 
530 12 ppm. This suggests that the peak ~63 ppm likely corresponds to bridging Q2 Al(IV) 
531 species when Si/Al ratio = 1 and reaction time is 90 days. This finding is also consistent 
532 with the subsequent deconvolution results of the ²⁹Si NMR spectra, which reveals the 
533 highest proportion of Q²(Al) species under conditions of Ca/Si = 0.5 after 90 days of 
534 reaction. 

535 The intensity of Al(VI)-c site at ~8 ppm can be seen in almost all N-A-S-H spectra, and 
536 reduces with the increasing of Ca content. This site may be linked to the Al(VI) within 
537 paragonite 66. The contents or crystallization degrees of paragonite might be so low that 
538 they were not detectable in normal XRD pattern. 

539

540

541 (a)                               (b)

542

543 (c)                               (d)
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544

545 (e)                               (f)

546 Figure 9. 27Al MAS NMR spectra and deconvolution of the synthetic gels with designed 
547 Si/Al = 2 and Si/Al = 1 after reaction for (a-b) 1 day, (c-d) 28 days, and (e-f) 90 days.

548

549 Table 3 Chemical shifts δ (ppm) and the fractions (%) of Al in the synthetic gels with 
550 Si/Al=2 by quantitative 27Al NMR spectra analysis

Age 
(d)

Desig
ned 
Ca/Si 

Al(IV)
-a

Al(IV)-
b′

Al(IV)-
c

Al(IV)-
d

Al(VI)-
a

Al(VI)-
b

Al(VI)-
c

δ 61.7 8.60
Fraction 99.7 0.3

0.2 δ 60.9 10.5
Fraction 96.2 3.8

0.4 δ 60.7 56.6 12.1 7.8
Fraction 86.5 9.2 1.1 1.1

0.8 δ 67.2 62.4 58.1 12.1 7.7

1

Fraction 8.6 32.8 48.9 4.9 4.8
0 δ 61.0 8.5

Fraction 95.6 4.4
0.2 δ 60.7 8.3

Fraction 98.4 1.6
0.4 δ 67.6 62.4 58.2 12.2 8.7

Fraction 4.3 24.6 68.6 1.5 1.0

28

0.8 δ 68.5 63.2 61.0 57.9 12.2
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Fraction 4.8 13.7 28.3 34.4 18.9
0 δ 61.3 8.2

Fraction 89.3 10.6
0.2 δ 60.7 12.1 7.5

Fraction 98.0 1.0 0.9
0.4 δ 66.1 61.4 57.8 12.2 8.2

Fraction 8.5 21.2 67.9 1.2 1.2
0.8 δ 67.8 61.1 57.1 12.1

90

Fraction 2.5 27.0 69.0 1.5
551 Al(IV)-a: Q2 Al at chain-bridging sites balanced by ½ Ca²⁺ together with H3O+ or by H+ 
552 ions; Al(IV)-b′: AFm phase; Al(IV)-c: bridging Q2 Al (charge-balanced via interlayer 
553 Ca²⁺ ions or combinations of interlayer Ca²⁺ and Na⁺ ions) and Al(IV) species in N-A-
554 S-H gel; Al(IV)-d: the cross-linked Q3

 Al site; Al(VI)-a: AFm phase; Al(VI)-b: AFm 
555 phase, calcium aluminate hydrates, katoite, or siliceous hydrogarnets; Al(VI)-c: 
556 paragonite.

557

558 Table 4 Chemical shifts δ (ppm) and the fractions (%) of Al in synthetic gels with 
559 Si/Al=1 by quantitative 27Al NMR spectra analysis

Reacti
on age 
(d)

Ca/Si 
molar 
ratio

Al(IV)
-a

Al(IV)-
b

Al(IV)-
c

Al(VI)-
a

Al(VI)-
b

Al(VI)-
c

0 δ 62.3
Fraction 100.0

0.2 δ 61.9 10.0
Fraction 96.9 3.1

0.5 δ 62.3 12.1 9.0
Fraction 88.7 3.5 7.8

0.8 δ 61.7 12.1 8.8

1

Fraction 87.8 4.4 7.8
0 δ 61.2 8.2

Fraction 84.1 15.9
0.2 δ 61.2 8.8

Fraction 92.6 7.4
0.5 δ 62.0 12.2 9.2

Fraction 91.3 2.7 6.3

28

0.8 δ 65.7 63.3 60.5 12.2 8.4
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Fraction 13.4 1.1 76.0 4.4 5.1
0 δ 62.0 7.4

Fraction 96.6 2.5
0.2 δ 60.8 8.5

Fraction 93.0 7.0
0.5 δ 66.1 62.3 59.9 12.2 8.9

Fraction 18.9 16.0 58.4 2.5 4.3
0.8 δ 67.7 63.3 59.7 12.2 8.4

90

Fraction 11.1 10.4 68.9 5.1 4.5
560 Al(IV)-a: Q2 Al at chain-bridging sites balanced by ½ Ca²⁺ together with H3O+ or by H+ 
561 ions; Al(IV)-b: bridging Q2 Al(IV) species; Al(IV)-c: bridging Q2 Al (charge-balanced 
562 via interlayer Ca²⁺ ions or combinations of interlayer Ca²⁺ and Na⁺ ions) and Al(IV) 
563 species in N-A-S-H gel; Al(VI)-a: AFm phase; Al(VI)-b: AFm phase, calcium 
564 aluminate hydrates,  katoite, or siliceous hydrogarnets; Al(VI)-c: paragonite.

565

566 3.5.2 Si connection in N(-C)-A-S-H and C-A-S-H

567 Fig. 10 shows 29Si MAS NMR spectra of synthetic N-A-S-H gels without Ca after the 
568 reaction for 1, 28, and 90 days. Quantification of each deconvoluted spectral resonance 
569 was performed using Gaussian peak fitting, with partial resulting component peaks and 
570 simulated spectrum presented in Fig. 10 alongside the data in Table 5 and 6. 

571

572

(a)
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573

574 Figure 10. 29Si MAS NMR spectra and deconvolution of synthetic N-A-S-H gels with 
575 (a) designed Si/Al = 2 and (b) designed Si/Al = 1 after reaction for 1, 28 and 90 days. 
576 The simulated curves (dash line) represent for the two 90 d samples. 

577

578 The resonance at -76 ppm can be attributed to Q0 monomers 63, suggesting the existence 
579 of minor number of remnants of the initial sodium silicate 67. Five Si environments of 
580 N-A-S-H gel are charactered by the varied peaks at approximately -81 ppm, -86 ppm, 
581 -89 ppm, -93 ppm, -96.5 ppm, corresponding to Q4(4Al), Q4(3Al), Q4(2Al), Q4(1Al), 
582 Q4(0Al), respectively. The spectra of gels at different reaction ages are similar because 
583 the N-A-S-H gels all contain the distribution of Q4 (mAl) sites. These Q4 sites also exist 
584 in the 29Si MAS NMR spectra of alkali-activated fly ash (with a low CaO content) or 
585 metakaolin pastes 68,69, while the proportion of individual Q4 resonances is more due to 
586 the complex chemical environment and the presence of unreacted precursors. 

587 Fig. 11 shows the 29Si MAS NMR spectra and deconvolution results of synthetic gels 
588 with Ca incorporated. There are multiple distinct possibilities in terms of bonding 
589 environments of non-bridging oxygens which may influence the 29Si chemical shift of 
590 a Q1 site, rather than this simply being determined by whether the single bridging 
591 oxygen atom is linked to Si or Al. Bernal et al. 70 assigned the resonances at -77 ppm 
592 and -80 ppm to Q1 sites in alkali-activated slag pastes, considering the Q1 sites can be 
593 bonded to Si or Al, and can also have different ratios of Ca2 +, Na+ and H+ in charge-
594 balancing sites. Zhu et al. 59 assigned the peak at -77 ppm to Q2p(Al(VI)), a pairing 
595 silicate tetrahedra neighboring one substituted octahedral aluminate[21]. However, the 
596 possible corresponding Al-resonances is not found (at ~5 ppm) or its development trend 
597 in this research does not conform to the previous study (at ~9 ppm), as discussed in 

(b)
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598 section 3.5.1. In crosslinked C-A-S-H gel, the substituted Al is considered to exist only 
599 in the form of Al(IV). Thus, in this study, the center of the resonances between -78 and 
600 -80 ppm is assigned to the Q1 site. The resonances at about -82 ppm (corresponding to 
601 Q²(1Al) sites) and -85 ppm (Q² sites) are consistent with the formation of a tobermorite-
602 like structured C-A-S-H gel.

603 It must be noted that deconvolutions of the spectra have been previously reported in 
604 many studies 19,66,67. A guiding principle concluded is that the intensities of adjacent 
605 Q4(mAl) peaks should change smoothly, rather than having the intensity of specific 
606 Q4(mAl) site much higher or lower than that of adjacent (m+1 or m-1) sites. This 
607 principle was introduced on the thermodynamic basis of the statistical distribution of 
608 Si and Al sites in the Q4 (glass or gel) network 71. Although the site population is not 
609 directly obtained from such a distribution, this principle is applied here to ensure that 
610 the deconvolution results is meaningful 70.

611 The center positions and widths of peaks are generally kept constant during the 
612 deconvoluting process. However, by comparing the spectra and deconvolution results 
613 of gel without Ca and that with Ca/Si≥0.58, the change of position of Q4(mAl) peaks can 
614 be observed 30,66. For instance, the peak center value of Q4(4Al) is -84.5 ppm in N-A-
615 S-H gel with Si/Al=1.5 or 2.5; while it can be -88 ppm in C-N-A-S-H gel. Thus, the 
616 center position of Q4(mAl) peak in 29Si MAS NMR spectra is not a fixed value due to 
617 the significant changes in Si Q4(mAl) environments caused by the variations in calcium 
618 and aluminum concentrations.

619 Through previous studies the overlap in the chemical shifts of Q4(mAl) in N-A-S-H gel 
620 and Q2(mAl) together with Q3(mAl) in C-A-S-H gel in 29Si MAS NMR spectra can be 
621 observed 70. For instance, the peaks at -89 ppm can be assigned to Q3(Al) and Q4(4Al) 
622 of C-A-S-H gel; and that at -93 ppm can be Q3 and Q4(3Al) species 30. For the gel with 
623 a relatively high Ca/Si ratio (approximately higher than 0.6) and a high Si/Al ratio, 
624 peaks can be assigned to Q2, Q3, and Q4 straightforwardly through the difference of 
625 chemical shift of 29Si NMR spectra deconvolution results. It is challenging to 
626 distinguish Q2, Q3, and Q4 for the synthetic gels of which Ca/Si and Si/Al ratios are 
627 both low, especially when the peak position cannot be fixed. Therefore, it is assumed 
628 that the change of each peak position of Q4(mAl) is gradual when Ca/Si ratio increases. 
629 The deconvolution results of gels with Ca/Si=0.8 and without Ca in this study are 
630 consistent with existing studies. Thus, the maximum and minimum values of chemical 
631 shift of each Q4(mAl) with the general variation trend can be determined. In addition, 
632 in this study, when determining the peak distribution of Q2, Q3 or Q4 of C-A-S-H gel, 
633 the Si/Al ratio of gel obtained from TEM-EDS is taken as a reference. The Si/Al ratios 
634 obtained from TEM-EDS are compared with those from the deconvolution results. Only 
635 the results have good match between peak distribution and TEM-EDS results are 
636 adopted. It should be noted that when Ca exists in gel, though a certain peak might be 
637 assigned to Q4, a small number of Q2 or Q3 may actually exist in the molecular due to 
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638 the overlap of chemical shifts.

639

640

641 (a)                               (b)

642

643 (c)                               (d)
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644

645 (e)                               (f)

646 Figure 11. 29Si MAS NMR spectra and deconvolution of synthetic gels with designed 
647 Si/Al = 2 and Si/Al = 1 after reaction for (a-b) 1 day, (c-d) 28 days, and (e-f) 90 days. 
648 The simulated curves (dash line) represent for the samples of Ca/Si=0.8.
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649 Table 5 Chemical shifts δ (ppm) and the fractions (%) of Si in synthetic gels with Si/Al=2 by quantitative 29Si NMR spectra analysis

Age 
(d)

Ca/Si 
ratio

Remna
nts

Q1 Q2(1Al
) 

Q2 Q3(1Al
)

Q3 Q4(4Al) Q4(3Al) Q4(2Al) Q4(1Al
)

Q4(0Al
)

0 δ -78.8 -82.0 -85.0 -87.7 -90.5 -93.8 -96.9
Fraction 10.5 23.5 23.3 18.4 13.7 8.4 2.2

0.2 δ -77.9 -81.3 -84.4 -87.6 -91.3 -95.1 -97.0
Fraction 10.4 15.9 21.4 23.3 18.1 7.7 3.1

0.4 δ -74.3 -78.3 -82.6 -86.3 -93.4 -90.0 -97.3 -101.8 -106.5 -111.7
Fraction 2.9 6.4 19.7 20.8 10.5 20.0 11.4 4.8 5.3 2.3

0.8 δ -75.5 -80.0 -82.9 -85.5 -88.4 -94.0 -91.2 -97.2 -101.0

1

Fraction 1.9 14.7 12.5 19.5 16.7 10.5 11.9 8.3 3.9

0 δ -75.1 -81.2 -84.1 　 -89.1 -94.3 -100.7
Fraction 3.9 25.7 34.1 29.4 10.0 0.8

0.2 δ -81.9 -84.5 -91.3 -101.6 -110.5
Fraction 18.1 25.3 39.3 11.4 5.9

0.4 δ -79.6 -82.7 -85.7 -89.1 -94.6 -92.1 -97.5 -101.1 -105.2
Fraction 8.1 11.9 20.5 19.4 11.5 12.7 7.9 6.0 1.9

0.8 δ -79.5 -82.8 -85.5 -88.8 -95.6 -92.3 -98.7 -101.6 -104.9 -107.3

28

Fraction 9.5 17.6 25.5 16.0 8.5 11.5 5.6 3.2 1.9 0.7
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0 δ -81.6 -84.4 -88.2 -92.7 -99.0 　

Fraction 30.1 24.7 19.5 23.4 2.4
0.2 δ -79.5 -82.9 -85.9 -88.1 -90.1 -93.0 -96.8 -101.0

Fraction 10.0 18.7 22.0 8.4 16.1 13.7 9.5 1.7
0.4 δ -79.8 -82.8 -85.8 -89.1 -95.0 -91.9 -97.7 -101.1 -104.5 -107.8 -112.1

Fraction 9.3 10.5 15.6 13.6 12.0 12.3 10.3 6.9 5.0 3.0 1.5
0.8 δ -78.9 -82.7 -85.5 -89.2 -95.1 -92.9 -97.3 -101.3

90

Fraction 9.1 18.6 36.2 15.6 1.1 10.3 5.2 3.9

650

651 Table 6 Chemical shifts (δ (ppm) and the fractions (%) of Si in synthetic gels with Si/Al=1 by quantitative 29Si NMR spectra analysis

Age (d)
Ca/Si 
molar ratio

Remnants Q1 Q2(1Al) Q2 Q4(4Al) Q4(3Al) Q4(2Al) Q4(1Al) Q4(0Al)

0 δ -76.6 -80.5 -84.5 -88.7 -92.5 -96.4
Fraction 4.1 25.2 47.6 16.0 6.4 0.7

0.2 δ -78.5 -82.2 -85.7 -89.1 -92.8 -95.8
Fraction 11.2 27.2 25.3 20.7 10.1 5.4

0.5 δ -75.8 -79.7 -83.3 -87.0 -90.5 -93.1 -95.7
Fraction 6.9 20.2 30.2 23.2 10.0 5.2 3.2

1

0.8 δ -75.8 -82.2 -79.0 -85.4 -87.8 -90.2 -93.0 -96.4
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Fraction 3.4 22.3 13.3 23.1 9.5 15.9 7.3 5.2
0 δ -74.3 -79.2 -83.3 -87.0 -90.4 -94.0 -97.8

Fraction 0.7 16.1 29.7 25.4 16.5 8.3 3.2
0.2 δ -75.9 -79.9 -83.7 -87.6 -91.9 -95.6

Fraction 2.8 19.4 32.2 29.2 13.6 2.8
0.5 δ -75.1 -82.9 -80.0 -85.5 -88.1 -91.2 -94.3 -97.9

Fraction 11.2 20.0 19.0 16.9 14.7 9.8 5.7 2.7
0.8 δ -77.8 -81.5 -85.1 -89.2 -93.0 -96.7 -101.0 -103.6

28

Fraction 14.7 18.0 26.1 21.3 10.7 5.8 2.1 0.4
0 δ -76.5 -82.2 　 -86.2 -89.6 -93.1 -95.7

Fraction 9.4 39.2 28.7 15.3 5.2 2.2
0.2 δ -76.6 -80.7 -84.6 -88.6 -92.1 -96.4 -99.5

Fraction 8.8 16.8 43.9 16.0 8.4 2.9 0.5
0.5 δ -76.0 -81.7 -85.6 -88.8 -91.9 -95.2 -98.2

Fraction 7.7 33.3 22.9 15.4 9.2 4.4 1.4
0.8 δ -76.0 -80.0 -82.4 -85.5 -89.4 -93.8 -98.0 -102.5

90

Fraction 6.2 11.7 16.3 26.3 20.6 12.3 5.9 0.8

652
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653 The ²⁹Si NMR spectra provide the relative intensities of different tetrahedral Si sites 
654 (Q1, Q2, and Q3), enabling the calculation of the mean chain length (MCL) of non-
655 crosslinked and crosslinked gel molecular. The calculation equations of MCL of C-A-
656 S-H phase and Si/Al ratios of N(-C)-A-S-H and C-A-S-H gels are as follows 24:

657 𝑀𝐶𝐿𝑁𝐶 = 2(𝑄1+3/2𝑄2(𝐴𝑙)+𝑄2)
𝑄1  (1)

658 𝑀𝐶𝐿𝐶 = 4(𝑄1+𝑄2(𝐴𝑙)+𝑄2+𝑄3+2𝑄3(1𝐴𝑙))
𝑄1  (2)

659 𝑆𝑖/𝐴𝑙𝑁𝐴𝑆𝐻 = ∑4
𝑚=0 𝑄4(𝑚𝐴𝑙)

∑4
𝑚=0

𝑚
4

𝑄4(𝑚𝐴𝑙) (3)

660 𝑆𝑖/𝐴𝑙𝑁𝐶―𝐶𝐴𝑆𝐻 = 2(𝑄1+𝑄2(𝐴𝑙)+𝑄2)
𝑄2(𝐴𝑙)  (4)

661 𝑆𝑖/𝐴𝑙𝐶―𝐶𝐴𝑆𝐻 = 𝑄1+𝑄2(𝐴𝑙)+𝑄2+𝑄3+𝑄3(1𝐴𝑙)
𝑄3(1𝐴𝑙)  (5)

662 where NC and C denote non-crosslinked and crosslinked C-A-S-H gel structures.

663 The Si/Alentire ratio of entire synthetic substances (including Si remnants) is calculated 
664 from the results of 29Si NMR. For a comparison purpose with the Si/Alentire ratio, the 
665 Si/AlAl NMR values are calculated using the fractions of Al(IV) obtained from 27Al NMR 
666 spectra and the Si/AlTEM ratios obtained from the TEM test. The equations are as 
667 follows:

668 When Q1, Q2(mAl), and Q3(mAl) units are absent: 𝑆𝑖/𝐴𝑙𝑒𝑛𝑡𝑖𝑟𝑒 = 1/ 𝐼Q4

𝑆𝑖/𝐴𝑙𝑁𝐴𝑆𝐻
 (6-1)

669 When Q3(mAl) units are absent: 𝑆𝑖/𝐴𝑙𝑒𝑛𝑡𝑖𝑟𝑒 = 1/( 𝐼Q12 
𝑆𝑖
𝐴𝑙𝑁𝐶―𝐶𝐴𝑆𝐻

+ 𝐼Q4 
𝑆𝑖
𝐴𝑙𝑁𝐴𝑆𝐻

) (6-2)

670 When all the Q1, Q2(mAl), Q3(mAl), and Q4(mAl) units are present: 𝑆𝑖/𝐴𝑙𝑒𝑛𝑡𝑖𝑟𝑒 = 1/(

671 𝐼Q123 
𝑆𝑖
𝐴𝑙𝐶―𝐶𝐴𝑆𝐻

+ 𝐼Q4 
𝑆𝑖
𝐴𝑙𝑁𝐴𝑆𝐻

) (6-3)

672 𝑆𝑖/𝐴𝑙𝐴𝑙 𝑁𝑀𝑅 = 𝑆𝑖/𝐴𝑙𝑇𝐸𝑀

𝐼Al(IV)―gel 
 (7)

673 where IQ12, IQ123 and IQ4 represent the fractions of Q1+Q2(mAl), Q1+Q2(mAl)+Q3(mAl) 
674 and Q4(mAl) Si units from 29Si NMR spectra deconvolution; IAl(IV)-gel is the fraction of 
675 Al(IV) in gels of the total Al(IV)+ Al(VI) from 27Al NMR spectra; Si/AlTEM is the Si/Al 
676 ratio obtained from the TEM test. The calculated MCL of C-A-S-H and the Si/Al ratios 
677 of N-A-S-H and C-A-S-H gels are given in Table 7, which give substantial information 
678 to understand the molecular structure of the synthetic gel from an average perspective 
679 view. 
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680

681 Table 7 Calculated mean chain length (MCL) of C-A-S-H and Si/Al ratios of N-A-S-
682 H and C-A-S-H gels from 29Si & 27Al NMR spectra and TEM-EDS.

Si/Al Age (d) Ca/Si 
MCLNC Si/AlNC-

CASH

MCLC Si/AlC-

CASH

Si/AlNAS

H

Si/Alentir

e

IAl(IV)-gel Si/AlAl 

NMR 

0 1.35 1.35 100% 1.27
0.2 1.41 1.41 96% 1.57
0.4 11.2 2.65 48.7 2.76 1.36 1.83 96% 1.78

1

0.8 7.2 7.49 24.6 4.44 1.20 2.67 90% 2.85

0 1.46 1.40 96% 1.38
0.2 1.68 1.68 98% 1.63
0.4 11.5 6.80 44.9 3.68 1.29 2.41 98% 2.49

28

0.8 13.0 5.97 39.3 4.82 1.29 2.96 67% 2.95

0 1.32 1.32 89% 1.41
0.2 1.46 1.46 98% 1.50
0.4 8.7 6.75 32.0 4.48 1.46 2.48 98% 2.40

2

90

0.8 16.0 6.88 42.1 5.18 1.20 3.16 99% 2.97

0 1.36 1.42 100% 1.35
0.2 1.42 1.42 97% 1.39
0.5 1.24 1.35 89% 1.43

1

0.8
-

2.00 1.39 1.55 88% 1.62

0 1.32 1.33 84% 1.37
0.2 1.20 1.23 93% 1.34
0.5

-
2.00 1.29 1.58 91% 1.49

28

0.8 9.2 6.55 1.07 2.15 91% 2.04

0 1.30 1.44 97% 0.99
0.2 1.14 1.29 93% 1.28
0.5 - 2.00 1.33 1.76 94% 1.80

1

90

0.8 10.7 8.66 1.05 2.27 91% 2.17

683 Note: the MCLC and Si/AlC-CASH were not calculated due to the absent of Q3(mAl) when 
684 the Si/Al ratio is 1. 

685

686 Fig. 12 shows the good agreement between the Si/Alentire ratio from 29Si NMR spectra 
687 and the Si/AlAl NMR ratio calculated from 27Al NMR spectra and TEM analyses. In Fig. 
688 12(a), the Si/Alentire ratio and Si/AlAl NMR ratio show a good linear correlation. It should 
689 be noted that this study adopts the widely adopted classification where Q1, Q2, and Q3 
690 Si units belong to C-A-S-H gel and Q4 Si units belongs to N-A-S-H gel. The good 
691 agreement shown in Fig. 12 confirms that this assignment is reasonable, although here 
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692 the assignment method is simplified because there are minor Q4 Si units possibly 
693 present in other Si units 72,73, and Q2 and Q3 present in N-A-S-H. By comparing the 
694 Si/Alentire and Si/AlAl NMR ratios in Fig. 12(b), it can be found that the Si/Alentire ratio 
695 value is slightly higher, especially for long-aged N-A-S-H gels. This is due to an 
696 overlap of zeolite and gel in the Al spectra as mentioned in section 3.5.1, causing an 
697 overestimation of IAl(IV)-gel. In addition, the Si/Alentire (or Si/AlAl NMR) ratio above 1.75 
698 is associated with the detectable emergence of C-A-S-H nanostructures (Q1 and Q2).

699    

700 (a)                               (b)

701 Figure 12. Relationship between Si/Alentire ratio from 29Si NMR and Si/AlAl NMR ratio 
702 from 27Al NMR and TEM-EDS results for the synthetic gels with (a) Si/Al = 2 and (b) 
703 Si/Al = 1 after reaction for 1, 28 and 90 days. The dash line represents a 1:1 
704 correlation.

705 3.5.3 Effects of Ca/Si and Si/Al ratios on Al species

706 From the above analysis, it is confirmed that Al predominantly exists in tetrahedral 
707 coordination status within N-A-S-H and C-A-S-H gels. With the increasing of calcium 
708 concentration, the Al(VI) sites at ~68 and ~58 ppm occur, representing the generation 
709 of Q2 and Q3, respectively. When the Ca/Si ratio increases to 0.2, calcium initially 
710 incorporates into N-A-S-H gel, forming a calcium-containing N(-C)-A-S-H gel phase, 
711 of which the nanostructure is still composed of Q4(mAl) units. As the Ca/Si ratio rises 
712 to 0.4-0.5, Q2(mAl) units occur, accompanied by the possible appearance of Q3(mAl). 

713 Although the peak at 5 ppm was initially ascribed to a "third aluminum hydroxide" 
714 (TAH) phase, subsequent DFT calculations and DNP NMR measurements have 
715 demonstrated that this assignment seems to be incorrect74,75. Some researchers have 
716 reported that with the increase of Ca/Si ratio, bridging Al(VI) species emerged and 
717 progressively increased in proportion in C-A-S-H gel, which corresponds to the 
718 characteristic peaks at 5 and 9 ppm in the ²⁷Al NMR spectra 59. And the peak of gel 
719 bridging octahedral aluminate at 5 ppm is not detected in some samples with a relatively 
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720 small Ca/Si ratio of 0.84. In this study, the resonance at 5 ppm cannot been found. The 
721 intensity of the resonance at ~9 ppm decreases with increasing Ca content, which 
722 contradicts the trend reported in previous study. Therefore, in this study, it argues the 
723 absence of bridging octahedral Al units in the low-calcium high-aluminum gels.

724 When the Ca/Si ratio changes from 0 to 0.8, the intensity of octahedral Al species keeps 
725 rising (or initially declines slightly but subsequently rises). At Si/Al ratio=2, the Al(VI)-
726 a and Al(VI)-b show a greater increase, which is attributed to a significant increase in 
727 the calcium-containing secondary phase. At Si/Al ratio=1, the decline of total fraction 
728 of Al(VI) sites is more obvious with the increasing Ca. It is due to the reduction of the 
729 calcium-free solid phase (Al(VI)-c) generated in an aluminum-rich environment. Thus, 
730 the variation of octahedral Al species results from two competing effects: the increasing 
731 formation of Ca-containing secondary phases versus the decrease of Ca-free solid phase 
732 generated with N-A-S-H.

733 3.5.4 Phase evolution and nanostructure variation

734 The Si/Al ratios of C-A-S-H and N(-C)-A-S-H gels are respectively represented in 
735 Table 7. For the system with deigned Si/Al ratio of 2, the formation of C-A-S-H gel 
736 chain can be observed at 1 d. When the Si/Al ratio is 1, Q2 and Q3 occur at 28 d. It 
737 indicates that high concentration of Al3+ in solution kinetically retard the formation of 
738 C-A-S-H gel. The Si/AlNASH slightly decreases with increasing calcium concentration, 
739 but the Si/AlNC-CASH and Si/AlC-CASH are more affected by calcium. It means that 
740 calcium has a greater impact on the nanostructure variation of C-A-S-H gel than on the 
741 nanostructure variation of N-A-S-H gel. 

742 As reaction time increases, N(-C)-A-S-H gel proportion decreases and C-A-S-H gel 
743 proportion increases, as confirmed in Table 5 & 6. The decline of Al(VI)-c species at 
744 ~61 ppm also indicates the decreasing of Q4(mAl) with increasing Ca. These findings 
745 are consistent with the TEM results demonstrating a time-dependent increase of the 
746 Ca/Si ratio in products and the gradual disappearance of N-A-S-H gel. The effect of 
747 Ca/Si ratio on the fraction of Q4(mAl) are shown as in Fig. 13. For Si/Al=2, the dash 
748 fitting line exhibits a slope approximately 1.93 times steeper (-110.2 vs. -57.2) and an 
749 intercept roughly 2.03 times higher (-120.3 vs. -59.3) compared to Si/Al=1. The 
750 Q⁴(mAl) decline slopes at Si/Al=2 & 1 suggest Ca-controlled N(-C)-A-S-H gel 
751 depolymerization rate; while the doubled slope at double times higher Si/Al suggests 
752 reduced Al inhibition of Ca-induced depolymerization. The decreased intercept also 
753 shows a linear dependence on the Si/Al ratio. The differing initial Q4(mAl) fractions 
754 reflect Al-dependent initial C-A-S-H content at the onset of phase transformation. The 
755 comparatively low R² values (0.752 and 0.777) could potentially result from 
756 interference by calcium-containing secondary phases or measurement errors. By 
757 correlating the ²⁹Si NMR-derived Q⁴(mAl) fraction with both the initial Si/Al ratio in 
758 solution and the experimentally determined Ca/Si ratio, the following predictive 
759 equation (eq. (8)) is established. The Q4(mAl) is from N-A-S-H gel and a small amount 
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760 of zeolite. Prior to reaching the critical Ca/Si ratio, the Q4(mAl) fraction remains at 
761 ~90%-100%. This may be attributed to the possible presence of minor Q1, Q2, and Q3 
762 species at the edges of the N-A-S-H structure. The critical Ca/Si ratio are 0.37 and 0.47 
763 at the initial Si/Al ratios of 2 & 1, respectively. It is important to note that this equation 
764 may not be valid for systems with lower Si/Al ratios.

765 𝐼𝑄4 =

766
100 ― 𝐼𝑟𝑒𝑚𝑛𝑎𝑛𝑡𝑠,  0 ≤ 𝑟𝐶𝑎/𝑆𝑖 < 𝑅𝐶𝑎/𝑆𝑖

59.3 × 1 + 1.03 𝑆𝑖
𝐴𝑙

― 1 ― 57.2 × 1 + 0.93 𝑆𝑖
𝐴𝑙

― 1 × 𝑟𝐶𝑎/𝑆𝑖,  𝑅𝐶𝑎/𝑆𝑖 ≤ 𝑟𝐶𝑎/𝑆𝑖 ≤ 0.8 

767 (8)

768 where IQ4, Iremnants, rCa/Si, and RCa/Si are the fraction of Q4(mAl) (%), the fraction of 
769 remnants (Q0) (%), the detected molar Ca/Si ratio, and the critical Ca/Si ratio, 
770 respectively.

771 After reaching the minimum critical Ca/Si ratio for gel phase transformation, the overall 
772 polymerization degree of the gel is simultaneously influenced by the negative effect of 
773 Ca and the promotion of Al. At Si/Al=2 & 1, the measured critical Ca/Si ratios in gels 
774 are 0.37 and 0.47. In alkali-silica gels without Al, the C-S-H-type phases occurred at 
775 the measured Ca/Si ≥ 0.23 72. The critical Ca/Si ratio required for gel transformation 
776 from N(-C)-A-S-H to C-A-S-H appears to increase slightly with rising Al concentration 
777 in solution.

778

779  

780 Figure 13. Effect of Ca/Si ratio on (a) the fraction of Q4 with Si/Al = 2 & 1. 

781

782 The disappear of the Q3(mAl) fractions is observed with the growth of Al concentration. 
783 Similar observations are also found in C-A-S-H at a high Ca/Si ratio and a high Si/Al 
784 ratio 59. The crosslinking degree of C-A-S-H gel (corresponding to Q3(mAl)) declines 
785 with increasing reaction time and increasing Al concentration in solution.
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786 The Al in calcium-containing secondary phases (Al(VI)-a, Al(VI)-b, and Al(IV)-b′ sites) 
787 exhibit instability, showing either a continuous decrease (Ca/Si=0.4/0.5) or an initial 
788 increase followed by reduction (Ca/Si=0.8) over reaction age, as shown in Table 3 & 
789 4. It is in agreement with the observed decrease and then increase of Q3 fraction at ~58 
790 ppm in the Al spectra at Si/Al=2. This suggests that Ca in solution initially partially 
791 incorporates into the gel while simultaneously forming a small amount of solid phases, 
792 then mainly migrates into C-A-S-H gel with time. Calcium also plays a crucial role in 
793 the evolution of Ca-free Al-rich secondary phases. In the absence of Ca, these phases 
794 increasingly form over time. In contrast, when Ca is relatively abundant, their content 
795 gradually decreases with age. This indicates the competing effect of the formation of 
796 Ca-containing secondary phases versus the reduction of Ca-free Al-rich phases.

797 3.5.5 Factors controlling MCLs and Si/Al ratios

798 3.5.5.1 Overall products

799 The Si/Alentire ratio or Si/AlAl NMR ratio of gels decreases with the increase of the Al 
800 concentration of the mixed solution. The high Al concentration enables C-S-H to absorb 
801 Al3+ more strongly 76. Some researchers found that the Si/Al ratio of C-A-S-H gel was 
802 dominated mainly by the Al concentration in solution and independent of the Ca 
803 solution concentration 41. However, the Si/Al ratio of C-A-S-H gel varies quite 
804 obviously (2.7-8.7) with increasing Ca content under the conditions of high aluminum 
805 content and low Ca/Si ratio in this paper. Moreover, the Si/Aentire ratio of entire gel is 
806 also significantly affected by the Ca concentration in solution in this study. This is 
807 probably due to the presence of N-A-S-H gel, in which the amount of Ca is extremely 
808 low. The presence of Ca causes a reduction in N-A-S-H gel content. When the initial 
809 Al concentration in the solution was relatively low and the Ca concentration was 
810 relatively high, which prevented the N-A-S-H formation, the minor amounts of N-A-
811 S-H and N(-C)-A-S-H gels disappeared with time 23 or were ignored 63. While in an Al-
812 rich and Ca-depleted environment, the presence of N-A-S-H and N(-C)-A-S-H gels 
813 cannot be neglected. Thus, the incorporation of Al into overall gels 
814 synergistically depends on the concentrations of Ca and Al solutions.

815 The variation trend of the Si/AlAl NMR ratio under different Ca contents is shown in Fig. 
816 12(b). Under low calcium concentrations (Ca/Si≤0.2), the Si/AlAl NMR ratios of the 
817 whole system generally evolve over time to approach the designed Si/Al ratio by initial 
818 solutions. This indicates that the Al content in products is mainly controlled by the Al 
819 concentration in the solution. In contrast, under relatively high calcium conditions 
820 (Ca/Si=0.4-0.8), the Si/AlAl NMR ratios consistently increase with time regardless of the 
821 initial Al concentration differences. It was found that with a Ca/(Si+Al) ratio of 0.84, 
822 increasing Al content cannot result in an increase in Al substitution fraction in C-A-S-
823 H gel 59. Compared with aluminum, calcium seems to be the primary factor determining 
824 the mode of overall development trend of the entire Si/Al ratio of gels.
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825 3.5.5.2 N(-C)-A-S-H gel

826 With the increase of reaction time, the Si/AlNASH ratios of most groups with the Si/Al 
827 ratio of 1 change towards the initial Si/Al ratio of the solution; while that of the others 
828 display a non-monotonic trend, initially rising (or falling) before reversing direction, 
829 while remaining bounded around a baseline. The aluminum in N(-C)-A-S-H gel may 
830 undergo dynamic exchange with that in the secondary phase, C-A-S-H gel, and the 
831 solution. When the concentration of Al in the environment is high, the Si/AlNASH ratio 
832 is easily to be affected by the Al concentration in solution. 

833 3.5.5.3 C-A-S-H gel

834 The trend of gel MCLs with the target Ca/Si ratios of 0.4 and 0.8 varying with reaction 
835 age are shown in the Fig. 14(a). Calcium concentration leads to different trends in the 
836 development of MCLs over time.

837 At Si/Al=2, when the Ca/Si ratio is 0.4, as the reaction time increases, the MCLs 
838 decrease, accompanied by a reduction in the fraction of Q2(1Al) and the Q3(1Al) sites. 
839 The proportion reduction of these Al substitution units promotes the shortening of 
840 MCLs, although less Q1 and more Q2(mAl) can make the chain length longer. When 
841 the Ca/Si ratio increases to 0.8, MCLs increase with reaction time. This is mainly due 
842 to the significant increase of Q2(mAl) sites, although Q3(mAl) slightly decreases and 
843 that of Q4(mAl) remains basically unchanged. 

844 Generally, the Si/Al ratio of gel can characterize some structural features of 
845 aluminosilicate chains of C-A-S-H gel. More Al substitution into the aluminosilicate 
846 chains can result in a longer MCL. Thus, it can be observed that the Si/AlNC-CASH ratio 
847 (or Si/AlC-CASH ratio) increases with time and the MCLs decrease with age, except for 
848 crosslinked C-A-S-H gel with the Ca/Si ratio of 0.8, as in Table 7. It indicates that the 
849 influence of Al substitution on MCLs weakens when Ca/Si ratio increases to 0.8. 
850 Moreover, when reaction time is 1 d, the reduction of Q2(1Al) and Q3(1Al) and the 
851 growing of Q1 are the reasons for the decline of MCLs with the Ca/Si ratio increasing 
852 from 0.4 to 0.8. After 28 days, the growing of Q2(mAl) sites and the reduction of Q1 
853 lead to the rise of MCLs with increasing Ca/Si ratio. 

854 In summary, when the Ca content is low (Ca/Si=0.4), the MCLs variation of C-A-S-H 
855 gel with age can be mainly determined by Al substitution in Q2 and Q3 Si units. When 
856 the Ca content is relatively high (Ca/Si=0.8), the MCLs with age is determined by the 
857 fractions of Q2(mAl) and Q1 units. In addition, when comparing Al-rich gels with 
858 different Ca contents, the fractions of Q2(1Al) and Q1 can be decisive factors for non-
859 crosslinked and crosslinked MCLs. 

860 The MCLs of these low calcium C-A-S-H are much longer than those of OPC hydration 
861 products with or without supplementary cementitious materials. The incorporation of 
862 aluminum also results in a larger layer spacing in C-A-S-H 77. The MCLNC in cement 
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863 paste ranged from 4.7 to 3.2 over time with a 30% fly ash replacement ratio 78 and were 
864 3.5-3.6 with 20% fly ash replacement 79. In Portland cement-metakaolin-limestone 
865 blends, the MCLNC increased from 3-3.7 to 4-6 when the hydration time increased from 
866 1 day to 21 days. In 11 Å tobermorite, the MCLC calculate from the equation given by 
867 Myers 24 can be twice the value obtained from the well-known expressions related to 
868 C-S-H gel (MCL=(2×(Q1+Q2(0Al)+1.5×Q2(0Al)+Q3+Q3(1Al)))/Q1). Thus, the MCLC 
869 of Portland cement-metakaolin-limestone blends varied from 8-14 to 9.6-17.2 when the 
870 hydration time changed from 28 to 420 days. Liu et al. 80 investigated the hybrid 
871 alkaline cement comprising 67.5 % fly ash, 27.5 % oil well cement, and 5% Na2SO4 
872 powder. The MCLNC and MCLC were approximately 20 and 80, respectively. These 
873 values were overestimated because the Q2 and Q3 peaks overlapped with the Q4 peaks. 
874 In alkali-activated slag paste, the MCLNC and MCLC were 4.2-14 and 10-11, 
875 respectively 64. In gels generated from alkali-activation of calcium aluminosilicate 
876 precursors with the Ca/Si ratio of 0.95-1.67 and the Al/Si ratio of 0.04-0.16, the MCLNC 
877 and MCLC were 4.3-8.8 and 9.9-26.5, respectively. Compared to OPC system, the MCL 
878 values of the C-A-S-H gels in this study are closer to those in low-Ca hybrid alkaline 
879 cement or low/moderate -Ca alkali-activated cement system duo to the relatively high 
880 Al content and low Ca content. 

881

882   

883 (a)                               (b)

884 Figure 14. (a) The crosslinked and non-crosslinked mean chain length (MCLC and 
885 MCLNC), and (b) Si/AlC-CASH and Si/AlNC-CASH ratios of synthetic gels with Si/Al = 2 
886 after reaction for 1, 28 and 90 days. 

887

888 4. Conclusions

889 By adopting a group of advanced characterization techniques, this study reveals the 
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890 phase evolution, atomic ordering, nanostructure of synthetic C-A-S-H and N(-C)-A-S-
891 H gels at low Ca/Si and Si/Al ratios. By establishing a quantitative link between the 
892 Ca/Si ratio and Q4 species, this study provides a framework for subsequent research to 
893 elucidate the molecular structure of low-Ca high-Al gels and to establish meaningful 
894 connections with their macroscopic properties. The main findings can be concluded as 
895 follows:

896 (1) Mechanisms of Al entering C-A-S-H and N(-C)-A-S-H: the incorporation of 
897 substituted Al into C-A-S-H gel is significantly inhibited by the Ca concentration 
898 in solution while slightly promoted by the Al concentration solution in the studied 
899 high-Al ((Si/Al=1&2) and low-Ca (Ca/Si ≤ 0.8) environments. When Ca 
900 concentration is low (Ca/Si ≤ 0.2), the total Al content in products is mainly 
901 controlled by the Al concentration in solution. At a relatively higher Ca 
902 concentration (Ca/Si=0.4-0.8), the total Al content decreases with reaction time and 
903 Ca entering. The substituted Al exists only as Al(IV) in the aluminosilicate chains 
904 of crosslinked or non-crosslinked C-A-S-H gel. No obvious evidence of bridging 
905 Al(V) and Al(VI) in the framework of gel is found in this study.

906 (2) Atomic ordering of C-A-S-H and N(-C)-A-S-H: for C-A-S-H, the increase of Ca/Si 
907 ratio improves the molecular crystallinity (ordering) significantly and this ordering 
908 trend becomes more evident at higher Si/Al ratio (less Al). At Ca/Si ≤ 0.5, gels 
909 exhibit almost no long-range ordering above 8 Å, confirming their amorphous 
910 nature. For N-A-S-H gels, they keep relatively stable over time. The disorder of Si-
911 O and Al-O coordination environment decrease with increasing Al and the atomic 
912 arrangement tending of N-A-S-H gel towards the ideal lattice position with time. 
913 With increased Al incorporation, there is a reduced Na/Si ratio and potential Na⁺ 
914 substitution by Al³⁺ in the structure. 

915 (3) MCLs of C-A-S-H moleculars: by quantifying the Q1, Q2(mAl), Q3(mAl), and 
916 Q4(mAl) sites, the non-crosslinked and crosslinked MCLs are calculated to be 7.2-
917 16 and 24.6-48.7, respectively. Under low-calcium conditions, MCLs decreases 
918 over time, whereas the opposite trend occurs in high-calcium systems. At Ca/Si = 
919 0.4, the Al substitution in Q2 and Q3 is the crucial for MCLs; while at Ca/Si = 0.8, 
920 Q2(1Al) and Q1 become the decisive factors. More fundamentally, it is governed by 
921 the Ca/Si ratio and the critical Si/Al (=1.75) threshold in the gel. The MCLs of C-
922 A-S-H molecular are much higher than those in OPC, and closer to those in low-Ca 
923 hybrid alkaline cement or low/moderate-Ca alkali-activated cement system.

924
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